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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical p rogress which have occurred in 
both the specific reactor projects and the general engineer­
ing re sea rch and development p rograms . The report is or­
ganized in a way which, it is hoped, gives the c leares t , most 
logical over-al l view of p rogress . The budget classification 
is followed only in broad outline, and no attempt is made to 
repor t separately on each sub-activity number. Fur ther , 
since the intent is to report only items of significant prog­
r e s s , not all activities a re reported each month. In order 
to issue this repor t as soon as possible after the end of the 
month editorial work must necessar i ly be limited. Also, 
since this is an informal p rogress report , the resul ts and 
data presented should be understood to be prel iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
repor t s . 

The last six reports issued 
in this ser ies a re : 

October 1963 

November 1963 

ANL-6801 

ANL-6808 

December 1963 

January 1964 

February 1964 

March 1964 

ANL-6810 

ANL-6840 

ANL-6860 

ANL-6880 





T A B L E OF C O N T E N T S 

P a g e 

I. Boi l ing W a t e r R e a c t o r s ^ 

A. BORAX-V 1 

1. O p e r a t i o n s and E x p e r i m e n t s 1 

2. I n s t a l l a t i o n a n d M a i n t e n a n c e 4 

II. L i q u i d - m e t a l - c o o l e d R e a c t o r s "7 

A. G e n e r a l F a s t R e a c t o r P h y s i c s 1 

1. Z P R - I I I 7 

2. Z P R - I X 8 
3. I n s t r u m e n t a t i o n D e v e l o p m e n t 9 

B. G e n e r a l F a s t R e a c t o r F u e l D e v e l o p m e n t 

C. G e n e r a l F a s t R e a c t o r F u e l R e p r o c e s s i n g D e v e l o p m e n t 

10 

1. M e t a l l i c F u e l s iO 
2. D e v e l o p m e n t of J a c k e t M a t e r i a l s i2 
3. Z e r o P o w e r R e a c t o r F u e l s 14 

16 

1. Skull Oxida t ion 16 
2. Skull Rec lanaa t ion P r o c e s s i6 
3. M a t e r i a l s and E q u i p m e n t E v a l u a t i o n s 17 
4. A d v a n c e d P r o c e s s e s 17 

D. Sod ium Coolan t C h e m i s t r y 18 

E . E B R - I 18 

F . E B R - I I 19 

1. R e a c t o r P l a n t 19 

2. Sod ium B o i l e r P l a n t 21 
3. P o w e r P l a n t 23 
4. F u e l Cyc le F a c i l i t y 23 

G. F A R E T 28 

1. G e n e r a l 28 
2. Safety A n a l y s i s 29 
3. F a c i l i t y D e s i g n 29 



T A B L E OF CONTENTS 

III. G e n e r a l R e a c t o r T e c h n o l o g y 

A. E x p e r i m e n t a l R e a c t o r and N u c l e a r P h y s i c s 

1. H i g h - c o n v e r sion C r i t i c a l E x p e r i m e n t 

E . R e m o t e Con t ro l E n g m e e r i n g D e v e l o p m e n t 

1. Viewing S y s t e m s 
2. E l e c t r i c M a s t e r - S l a v e M a n i p u l a t o r M a r k E 4 

Page 

4. C o m p o n e n t D e v e l o p m e n t 2̂ * 
5. F u e l A s s e m b l y Sod ium F l o w T e s t F a c i l i t y ^ 
6. C P - 5 I n - p i l e E x p e r i m e n t 35 

36 

36 

36 

B. T h e o r e t i c a l R e a c t o r P h y s i c s 37 

38 

39 

1. O r t h o n o r m a l E x p a n s i o n of N e u t r o n S p e c t r a 37 
2. C o m p u t a t i o n of New 2 2 - g r o u p C o n s t a n t s for F a s t 

R e a c t o r C a l c u l a t i o n s 
3. C a l c u l a t e d Z P R - I I I P r o m p t - n e u t r o n L i f e t i m e by 

l / v M a t e r i a l I n s e r t i o n 
4. R e l a t i v e C a l c u l a t i o n s of P r o m p t - n e u t r o n L i f e t i m e s 

for R e f l e c t e d and B a r e Z P R - I I I C o r e C o m p o s i t i o n s 39 
5. Z P R - V I I Da ta A n a l y s i s 39 
6. To ta l N e u t r o n C r o s s S e c t i o n s '^^ 
7. N u m e r i c a l A n a l y s i s ^^ 

C. H i g h - t e m p e r a t u r e M a t e r i a l s D e v e l o p m e n t 41 

1. R e s i s t a n c e to C o r r o s i o n by L i t h i u m 41 
2. T h o r i u m and T h o r i u m - b a s e F u e l s 41 
3. I r r a d i a t i o n of T h o r i u m - b a s e F u e l s 43 
4. D i s s o l u t i o n K i n e t i c s in L iqu id M e t a l s 44 
5. E l a s t i c Moduli of H i g h - t e m p e r a t u r e M a t e r i a l s 45 

D. Other R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 46 

1. Z i r c o n i u m Al loys 46 
2. F e r r o u s and Nicke l A l l o y s 47 
3. N o n d e s t r u c t i v e T e s t i n g 48 

49 

49 
50 

3. Spec ia l M o t o r s for M a s t e r - S l a v e M a n i p u l a t o r s 5^ 



TABLE OF CONTENTS 

Pa-ge 

4. Telescopes and Per i scopes for Use with Master-Slave 
Manipulators 51 

5. Master Control Handle 52 
6. Rotating Gas Seal for Manipulator Boot 52 
7. Future "High Fidelity" Manipulators 52 

F . Heat Engineering 53 

1. Studies of Boiling Liquid Metals 53 
2. Boiling Sodium Heat Transfer Facility 53 
3. Double-pipe Liquid Metal Heat Exchanger 54 
4. ANL-AMU Program 54 

G. Chemical Separations 58 

1. Chemistry of Liquid Metals 58 
2. Fluidization and Volatility Separation P rocesses 58 
3. General Chemistry and Chemical Engineering 62 
4. Calorimetry 63 

H. Plutonium Recycle P rog ram 63 

1. Plutonium Recycle Experinaent 63 

2. P r e s s u r e Vessel Steel 64 

IV. Advanced Systems Research and Development 65 

A. Argonne Advanced Research Reactor (AARR) 65 

1. Core Physics 65 
2. Shielding and Pre l iminary Safety Analysis 66 

3. Fuel and Core Design 66 

B. Magnetohydrodynamics (MHD) 67 

1. MHD Power Generation - Jet Pump Studies 67 

2. MHD Vapor Condenser 68 

V. Nuclear Safety 69 

A. Thermal Reactor Safety Studies 69 

1. Metal-Water Reactions 69 
2. Metal Oxidation-Ignition Studies 71 



TABLE OF CONTENTS 

Page 

B. Fas t Reactor Safety Studies '̂ ^ 

1. Uranium-Thor ium Fuel '"̂  
2. Photographic Experiments with Pre - i r rad ia ted Samples '2 
3. Es t imates of Maximum Transient P re s su re s 
4. Large TREAT Loop 73 

VI. Publications "̂ ^ 



I. BOILING WATER REACTORS 

A. BORAX-V 

1. Operations and Experinnents 

Room-temperature , zero-power experiments with the core con­
taining the per ipheral superheater , PSH-1, have been completed. The 
experiments included: neutron flux mapping; determination of the r eac ­
tivity and power split effects of movement of outside (superheater region) 
control rods in relation to the remaining control rods; control rod cal i ­
bration with boric acid; and measurement of boric acid concentration 
required for reactor shutdown with control rods withdrawn. 

At month's end, new, Zircaloy-2, miniature ion chamber thimbles, 
all in-core instrumentation, and new support brackets had been installed. 
Prepara t ions for operation at 600 psig and 489°F are essentially complete. 
Figure 1 shows the location of in-core instrumentation in the PSH-1 core. 

a. Reactor Physics . Control rod calibrations using boric acid 
were made with the superheater steam coolant region drained. With no 
boric acid, the maximum differential reactivity worth of the 9-rod bank 
is 1.49%/in. The relative worths of the central rod, four intermediate 
rods, and four outside rods as percentages of the 9-rod bank are about 
29, 57, and 14%, respectively. 

Various nuclear pa rame te r s measured on core PSH-1 are 
shown in Table I. 

The reactor was found to be subcrit ical at a concentration of 
15.6 g HjBOj/gal H^O with all control rods fully withdrawn at 70°F. 

A measurement was made to compare the reactivity effect of 
various fuel assemblies in core position 35. Compared with water in this 
location, a boiling fuel assembly containing 39 fuel rods and 12 flow rods 
is worth 1.33%, a per ipheral superheater fuel assembly containing 680 g 
of U^̂  is worth 1.25%, and a central superheater assembly with 430 g of 
U"^ is worth 0.84%. 

The effect of boric acid concentration on control rod reactivity 
worths is being determined. The resul ts of measurements with core PSH-1, 
shown in Fig. 2, i l lustrate the relationship between differential control rod 
worths obtained at various concentrations of boric acid and corresponding 
cri t ical control rod heights. Here, the 9-control-rod bank differential r e ­
activity worth is compared with the inner 5-rod bank differential v/orths 
when the outer control rods a re all inserted, all withdrawn, or within the 



9-rod bank. The resul ts of measurement of a slight change in boric acid 
concentration on the reactivity worth of boric acid at near-constant control 
rod height a re i l lustrated in the 9-control-rod bank data. 

No f i rm conclusions can be drawn from this experiment at 
this t ime. Analysis of the data is continuing. 
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T a b l e I. M e a s u r e d N u c l e a r C h a r a c t e r i s t i c s of C o r e P S H - 1 
of B O R A X - V a t R o o m T e m p e r a t u r e 

A v a i l a b l e e x c e s s r e a c t i v i t y , s u p e r h e a t e r d r y , no b o r i c a c i d * 
S h u t d o w n m a r g i n , a l l r o d s in , s u p e r h e a t e r d r y , no b o r i c a c i d 
S u p e r h e a t e r f l ood ing w o r t h s : 

M e a s u r e d w i t h 9 - c o n t r o l - r o d b a n k , no b o r i c a c i d 
M e a s u r e d w i t h 9 - c o n t r o l - r o d b a n k , * 12.36 g H 3 B 0 3 / g a l 

H^O in b o i l e r on ly 
M e a s u r e d w i t h 5 - c o n t r o l - r o d b a n k , o u t e r r o d s w i t h d r a w n , 

no b o r i c a c i d 
B o r i c a c i d w o r t h , p e r g H s B O j / g a l H^G 
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Figure 2. Differential Rod Worth Measurements at 70OF with 
Superheater Drained for Core PSH-1 of BORAX-V 



b- S u p e r h e a t e r F l o o d i n g Ra te . M e a s u r e m e n t s of s u p e r h e a t e r f lood­
ing r a t e m a d e w i t h the c e n t r a l s u p e r h e a t e r co r e C S H - 1 , u s i n g r e s i s t a n c e 
p r o b e s in the fuel a s s e m b l i e s , w e r e not r e p e a t e d with the p e r i p h e r a l s u p e r ­
h e a t e r c o r e . H o w e v e r , by f looding o v e r the p e r i p h e r a l s u p e r h e a t e r i n l e t s 
a t 150 g p m and by v i s u a l o b s e r v a t i o n of w a t e r r i s i n g in a l l the s e c o n d - p a s s 
s u p e r h e a t e r fuel a s s e m b l i e s , the h i g h e s t r e a c t i v i t y addi t ion r a t e o c c u r s a s 
it did wi th the c e n t r a l s u p e r h e a t e r , i . e . , the w a t e r en t e r ing the s ing l e s h o r t -
r i s e r a s s e m b l y c a u s e s the r e m a i n i n g fuel a s s e m b l i e s to fill f r o m the bottom 
t h r o u g h the f l o o d - a n d - d r a i n m a n i f o l d , wh i l e the w a t e r in the r e a c t o r v e s s e l 
i s r i s i n g the 2 in. to ove r f low the s t a n d a r d - h e i g h t r i s e r s of the r e m a i n i n g 
f i r s t - p a s s a s s e m b l i e s . 

D u r i n g o p e r a t i o n wi th the c e n t r a l s u p e r h e a t e r c o r e , the t ime 
for f looding the fueled r e g i o n of the 11 s t a n d a r d - r i s e r a s s e m b l i e s was 
5.1 s e c . I n a s m u c h a s t h e r e a r e 16 s u p e r h e a t e r a s s e m b l i e s in the p e r i p h e r a l 
s u p e r h e a t e r c o r e , f looding of 15 of t h e s e 16 a s s e m b l i e s wi l l t ake a p r o ­
p o r t i o n a t e l y l o n g e r t i m e (6.95 s e c ) . The m a x i m u m r e a c t i v i t y addi t ion ra te 
when flooding the p e r i p h e r a l s u p e r h e a t e r a t r o o m t e m p e r a t u r e is about 
0 . 2 5 % / s e c , c o m p a r e d wi th 0 . 2 % / s e c for the c e n t r a l s u p e r h e a t e r in c o r e 
C S H - 1 . 

c. N e u t r o n F l u x Mapping . T h r e e i r r a d i a t i o n s a t r o o m t e m p e r a t u r e 
and z e r o p o w e r w e r e m a d e for fine p o w e r m a p p i n g of the p e r i p h e r a l s u p e r ­
h e a t e r c o r e P S H - 1 . The r e l a t i v e p o w e r for e a c h a s s e m b l y in a r e p r e s e n t a ­
t ive f r ac t ion of the c o r e is i n d i c a t e d in F i g . 3, w h i c h shows tha t the m a x i m u m 
r a t i o of the power p r o d u c e d in an ind iv idua l fuel a s s e m b l y to the a v e r a g e 
c o r e p o w e r is 1.68. About 17% of the to ta l c o r e p o w e r is p r o d u c e d in the 
s u p e r h e a t e r r e g i o n , c o m p a r e d wi th the d e s i r e d 19%. 

The effect on the s u p e r h e a t e r - b o i l e r p o w e r sp l i t in c o r e P S H - 1 
of nonbanked c o n t r o l rod con f igu ra t i ons w a s m e a s u r e d by m e a n s of t h r e e 
c o a r s e , r a d i a l flux w i r e i r r a d i a t i o n s . T h e s e c o n f i g u r a t i o n s w e r e : (1) a l l 
n ine c o n t r o l r o d s banked; (2) the four ou t e r c o n t r o l r o d s fully w i t h d r a w n 
and the i nne r five banked; and, (3) the c e n t r a l r o d a t 5 in , , the o u t e r four 
r o d s c o m p l e t e l y w i t h d r a w n , and the four i n t e r m e d i a t e r o d s b a n k e d . The 
r e s u l t s a r e shown in F i g . 4. It a p p e a r s p o s s i b l e to af fect the p o w e r sp l i t 
in favor of i n c r e a s e d s t e a m t e m p e r a t u r e s by o p t i m i z i n g the c o n t r o l r o d 
p o s i t i o n s when ope ra t i ng a t p o w e r . 

2. I n s t a l l a t i on and M a i n t e n a n c e 

Before being loaded into the r e a c t o r , i n s t r u m e n t e d p e r i p h e r a l s u p e r ­
h e a t e r fuel a s s e m b l i e s P S I - 1 8 and P S I - 1 9 w e r e r e w o r k e d a s fo l lows : the 
f lexible conduit on a l l i n s t r u m e n t l e a d s w a s e x t e n d e d 20 m, so tha t t h e s e fuel 
a s s e m b l i e s migh t be u s e d at any r e a c t o r l o c a t i o n . The e x t e n s i o n a l s o r e ­
qu i r ed spl ic ing e x t r a length on the two V e n t u r i p r e s s u r e t u b e s and r e p l a c i n g 
a l l Conax p r e s s u r e s e a l s on the r e a c t o r v e s s e l s e a l p l a t e . Both a s s e m b l i e s 
w e r e found to be s a t i s f a c t o r y upon a u t o c l a v i n g a t 600 p s i g and 4 8 9 ° F . S t e a m 



flow t r a n s m i t t e r s for the i n s t r u m e n t e d s u p e r h e a t e r fuel a s s e m b l i e s have 
b e e n c a l i b r a t e d to p r o v i d e a f u l l - s c a l e s t e a m flow ind ica t ion a t 10,000 I b / h r 
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Figure 3. Local-to-core Average Ratio of Power Produced in 
Individual Fuel Assemblies of Peripheral Superheater 
Core PSH-1 of BORAX-V 

N e w i n s t r u m e n t e d b o i l i n g f u e l a s s e m b l y 1-3 r e q u i r e d r e p l a c e m e n t 

of i t s i n l e t t u r b i n e - t y p e f l o w m e t e r a f t e r a n a u t o c l a v e t e s t c a u s e d s e v e r e 

b u l g i n g of a l i n e r r i n g w i t h i n t h e m e t e r . T h e b u l g e d r i n g c a u s e d b i n d i n g 

of t w o t u r b i n e b l a d e s a t t h e i r t i p s a n d w a s n o t i m m e d i a t e l y r e p a i r a b l e . 

T h e n e w m e t e r w a s a u t o c l a v e d , a n d t h e i n l e t a n d o u t l e t m e t e r s o n t h e c o m ­

p l e t e d f u e l a s s e m b l y w e r e c a l i b r a t e d i n t h e a i r - w a t e r t e s t l o o p . I n s t r u m e n t e d 



boiling fuel assembly I - 1 , which was used in core CSH-1, was found to be 
satisfactory upon check. 
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Figure 4. Radial Flux Distribution (Coarse) for Peripheral Superheater Core PSH-1 of BORAX-V 



II. L I Q U I D - M E T A L - C O O L E D R E A C T O R S 

A. G e n e r a l F a s t R e a c t o r P h y s i c s 

1. Z P R - I I I 

a. RAPSODIE E x p e r i m e n t s . E x p e r i m e n t s with the RAPSODIE 
e n g i n e e r i n g m o c k u p , A s s e m b l y 44 , du r ing th i s mon th w e r e c o n c e r n e d with 
m a t e r i a l r e a c t i v i t y w o r t h s and r e a c t i o n r a t e d i s t r i b u t i o n s . 

The r e a c t i v i t y coef f ic ien t s of s o d i u m a s a funct ion of r a d i a l 
and ax ia l p o s i t i o n s in the c o r e w e r e d e t e r m i n e d ( see T a b l e II). 

T a b l e II . Sod ium Wor th in RAPSODIE v s . R a d i a l 

A x i a l Reg ion 
(in. f r o m 

c o r e c e n t e r ) 

- 1 to +1 
+ 1 to +4 
+4 to +7 

and Axi 

Zone I = 
3.1 c m 
(Ih /kg) 

85 
175 

.al L o c a t i o n 

R a d i a l Zone 

Zone II = 
9.4 c m 
( Ih /kg) 

65 
100 
191 

O u t e r R a d i u s 

Zone III = 
14.3 c m 
(Ih/kg) 

114 
122 
134 

Zone IV = 
18.6 c m 
( Ih /kg) 

104 
125 
118 

C e n t r a l r e a c t i v i t y coef f ic ien ts v/ere m e a s u r e d in th i s e n g i n e e r ­
ing c o r e con f igu ra t i on a s was done with the p h y s i c s c o r e . A s a m p l e - c h a n g e r 
m e c h a n i s m a l lowed m e a s u r e m e n t s for s e v e r a l m a t e r i a l s dur ing the day 
without s e p a r a t i o n of the m a c h i n e h a l v e s . Aga in the s a m p l e s p a c e was 2 x 
2 x 2 in . , and e a c h day s e v e r a l r e f e r e n c e s w e r e r u n with the s p a c e void . 
D i f f e r e n c e s in r e f e r e n c e c r i t i c a l p o s i t i o n s w e r e u s e d to e v a l u a t e r e a c t i v i t y 
c o r r e c t i o n s due to t e m p e r a t u r e d r i f t . Tab le III p r e s e n t s the r e s u l t s for 
s a m p l e r e l a t i v e to void . Two d i f fe ren t d e n s i t i e s w e r e u s e d for s t e e l and 
a l u m i n u m in o r d e r to i n v e s t i g a t e s e l f - s h i e l d i n g e f fec t s , but the da t a show 
t h a t , to wi th in the a c c u r a c y of t he m e a s u r e m e n t s , no dens i t y effect was 
p r e s e n t . 

R e a c t i v i t y coef f ic ien t s for the f i s s i l e m a t e r i a l s w e r e m e a s u r e d 
a s a funct ion of r a d i a l and a x i a l p o s i t i o n t h r o u g h o u t the c o r e , and in the g a p s 
and b l a n k e t s . T h e s e m e a s u r e m e n t s w e r e m a d e by t r a v e r s i n g s m a l l s a m p l e s 
of the m a t e r i a l s ( e n r i c h e d u r a n i u m , dep l e t ed u r a n i u m , and p lu ton ium) a long 
the c o r e a x i s and r a d i a l l y t h r o u g h the c o r e c e n t e r . A n a l y s e s of t h e s e da ta 
a r e in p r o g r e s s . 

S i m i l a r l y , s m a l l f i s s i on c h a m b e r s , p l a t ed with e n r i c h e d u r a n i u m , 
d e p l e t e d u r a n i u m , and p l u t o n i u m , w e r e t r a v e r s e d r a d i a l l y and ax i a l l y t h r o u g h 



the r e a c t o r and count r a t e s e s t a b l i s h e d at a n u m b e r of p o s i t i o n s . The r e ­
ac t i on r a t e for B ' ° ( n , a ) was m e a s u r e d at v a r i o u s pos i t i ons by t r a v e r s i n g a 
s m a l l B F j c h a m b e r . 

T a b l e III. C e n t r a l R e a c t i v i t y Coeff ic ients in 
RAPSODIE E n g i n e e r i n g C o r e 

M a t e r i a l 

A l u m i n u m , 100 v / o 
A l u m i n u m , 56 v / o 
I ron 
C h r o m i u m 
Nicke l 
S t a i n l e s s S tee l , 
S t a i n l e s s S tee l , 
Sodium 
Oxygen 

Coe 
Reactivity 
l i i c i en t ( Ih/kg) 

+ 11 
+ 11 

-5 
+4 

-19 
-5 
-5 

+ 62 
+ 60 

9 
4 
4 
4 
3 
1 
2 
0 
0 

b . Dopple r M e a s u r e m e n t s . The a s s e m b l y and t e s t i n g of a number 
of Dopple r fuel e l e m e n t s for u s e in the Z P R - I I I fac i l i ty i s p r o g r e s s i n g . All 
m a j o r des ign de t a i l s have been fixed. The n a t u r a l u r a n i u m fuel cans have 
been filled and a r e c u r r e n t l y being t e s t e d for l e a k s when h e a t e d . The solu­
t ion to the m i s a l i g n m e n t of the Z P R - I I I m a t r i x t u b e s and the e l e m e n t s which 
may cause binding in the e l e m e n t d r i v e s i s being s t u d i e d . 

2. Z P R - I X 

A s s e m b l y No. 3, which is a 7 -p l a t e dep l e t ed u r a n i u m , 7 -p la t e tung­
s ten , and 2 -p la te e n r i c h e d u r a n i u m a s s e m b l y , i s being c o m p l e t e d . Th i s 
a s s e m b l y r e p r e s e n t s the midpoin t in a s tudy s e r i e s ot s i m i l a r a s s e m b l i e s 
in which the deple ted u r a n i u m di luent h a s been g r a d u a l l y r e p l a c e d by tung­
s ten . In the accompany ing a n a l y s i s , the effect of t h i s t u n g s t e n - t o - U " ^ in ­
t e r c h a n g e upon a r a n g e of ca l cu lab le r e a c t o r p a r a m e t e r s i s i n v e s t i g a t e d . 
In o r d e r to keep the c o m p a r i s o n s t r a i g h t f o r w a r d , i d e n t i c a l c a l c u l a t i o n a l 
me thods and c r o s s s ec t i ons a r e u s e d in a l l c a s e s . 

P a r t of the r e s u l t s a r e given in T a b l e s IV and V. In both t a b l e s 
equiva lent r e s u l t s for the ZPR-II I A s s e m b l y No. 22 a r e i nc luded . E x c e p t 
for the s m a l l vo lume f rac t ion t aken up by the m a t r i x , the c o r e s of ZPR-I I I 
A s s e m b l y No. 22 and Z P R - I X A s s e m b l y No. 1 a r e i d e n t i c a l . The d i f f e r ­
ences be tween the two a s s e m b l i e s a r e a l m o s t e n t i r e l y due to t h e i r d i f fe ren t 
r e f l e c t o r s and the c o r r e s p o n d i n g change in c o r e v o l u m e s . A s s e m b l y No. 22 
is r e f l ec ted by a 3 0 - c m - t h i c k dep le ted u r a n i u m r e f l e c t o r , w h e r e a s ZPR- IX 
A s s e m b l y No. 1 is r e f l ec t ed by a 3 0 - c m - t h i c k a l u m i n u m r e f l e c t o r . 



Table H . Comparison of Experimental and Calculated Critical Masses 

Assembly 

ZPR-m No. 22 
ZPR-ENo, 1 
ZPR-KNo. 2 
ZPR-HNo. 3 

Experimental 
Uncorrected 

Critical Mass, 
kg^ 

241 
278.5 
383 
492 

Experimental 
Homogeneous and 
Spherical Critical 

Mass, kg^ 

239 
267 
366 
474 

Calculated 
Critical 

Mass, kgf-

278 
332 
441 
562 

N25 Used in 
Calculations 

0.00452 
0.004512 
0.00451 
0.004172 

Calculated 
Critical 

Radius, cm 

38.6 
35.7 
39.1 
42,5 

Calculated 
Critical 

Volume, .£ 

158 
190 
251 
322 

Ratio of 
/Exp-Calc\° 
\ Calc 1 

-0,14 
-0.19 
-0.17 
-0.16 

^The experimentally measured cylindrical critical mass corrected only for excess reactivity present in control elements. 

''Corrected for tieterogeneity, core-edge nonuniformity, control gap, and converted to equivalent spherical critical mass by means 
of shape factors, --0.92-0,94. 

'-All calculations in spherical geometry by means of the RE-122 diffusion code, cross-section set No. 201, 20-30 mesh points in 
the core, and tungsten material No. 37. 

''Exp. refers to the corrected experimental critical mass. Calculated mass is obtained by varying core volume with the experimental 
core composition. For example, for ZPR-IE No. 22, the cited value-0.14 corresponds to Ak/k s;0.021. 

Table Y. Calculated Kinetics Parameters (or ZPR-IZAssemblies 

Assembly 

ZPR-m No, 22 
ZPR-HNo, 1 
ZPR-HNo, 2 
ZPR-HNo, 3 

Fission 
Fraction 
in uZ35 

07234 
07668 
08283 
O8800 

Fission 
Fraction 
i nuZ» 

0,2765 
0,2332 
0-1717 
O1200 

Prompt Neuti 
lifetime, sec > 

6.29 
6.06 
7.39 
8.17 

ron 
(10» ^ett 

000738 
000728 
000723 
000708 

Rossi-a, 
sec-1,10-4 

11,8 
12,0 
978 
8.66 

Average 
Neutron 

Delay Time. 
sec 

00769 
0.0768 
00789 
0.0806 

lh/%Ak 

469 
469 
457 
446 

Ih/S 

345 
341 
330 
316 

3. Instrumentation Development 

a. AFSR. During April, the malfunction of part of the AFSR pneu­
matic system occurred. In the course of a normal startup, the safety plug, 
which is raised pneumatically, did not r ise off the bottom limit switch. The 
trouble was traced to leakage in the 4-in.-diameter air cylinder. The 
piston seal was worn to the point that the air which is used to raise the 
piston leaked out faster than it was delivered through the -jj-in.-ID r e s t r i c -
tor tubing. There was no indication that the scram times were affected. 
Scram-t ime measurements naade a few days before failure of the "air up" 
system showed no change from previous measurements . The air cylinder 
was disassembled and the piston seal replaced. Following re-installation, 
the safety plug alignment and scram time were checked and found to be 
satisfactory. The reactor was returned to service. 

b. Solid-state Neutron Spectrometer. The solid-state fast neutron 
spectrometer work continued. Data taken at the center of the grazing hole 
in AFSR was good enough to warrant attempts at "unfolding" the spectrum 
with machine calculations on the IBM-704. 

AFSR was used for the experimental comparison of fission 
counters from ZPR-III and the UKAEA to obtain a cross-check of fission 
rate rat ios measured by the two groups. Thermal neutron flux intercal i -
brations of fissile foils were also done. Provisional results indicate no 
large discrepancies between the weights of fissile mater ia ls on the foils 
as determined radiochemically and by thermal calibration. 
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B. G e n e r a l F a s t R e a c t o r F u e l Deve lopmen t 

1. M e t a l l i c F u e l s 

U r a n i u m - p l u t o n i u m - b a s e a l l o y s a r e being i n v e s t i g a t e d for u s e a s 
f e r t i l e - f i s s i l e fuel m a t e r i a l s in fas t b r e e d e r r e a c t o r s b e c a u s e m a n y c o m ­
b ina t ions of the b a s e e l e m e n t s , which a r e r e a d i l y a v a i l a b l e , h a v e good n e u t r o n 
y ie ld and b r e e d i n g r a t i o s . Al loy ing a d d i t i o n s a p p e a r n e c e s s a r y , h o w e v e r , to 
i m p r o v e the s tab i l i ty of the u r a n i u m - p l u t o n i u m b a s e in a f a s t - r e a c t o r en ­
v i r o n m e n t and the compa t ib i l i t y of the f e r t i l e - f i s s i l e a l loy with j acke t ing 
m a t e r i a l s . F i z z i u m (Fz ) , which is a r e l a t i v e l y h i g h - z i r c o n i u m combina t ion 
of d e s i r a b l e f i s s i o n - p r o d u c t m e t a l s r e t a i n e d in the fuel on r e p r o c e s s i n g , 
h a s good al loying p o s s i b i l i t i e s . The p r o p e r t i e s and b e h a v i o r of u r a n i u m -
p l u t o n i u m - f i z z i u m ( U - P u - F z ) a l l o y s , a s wel l a s v a r i o u s c o m b i n a t i o n s of the 
cons t i tuen t e l e m e n t s , a r e t h e r e f o r e being i n v e s t i g a t e d . 

a. U - P u and U - P u - F z 

(i) Melt ing R a n g e s and Solid T r a n s f o r m a t i o n s . The me l t i ng 
r a n g e s and the sol id t r a n s f o r m a t i o n s of U-10 w / o Pu and U - 1 0 w / o P u -
10 w / o Fz a l loys a r e being d e t e r m i n e d by t h e r m a l a n a l y s i s . R e s u l t s to date 
a r e c o m p a r e d in Tab le VI with t h o s e ob ta ined f r o m the b r e a k s in hea t -content 
c u r v e s (see P r o g r e s s R e p o r t for M a r c h 1964, A N L - 6 8 8 0 , p . 15). Equiva len t 
U-10 w / o Pu t r a n s f o r m a t i o n po in t s f r o m the L o s A l a m o s U - P u p h a s e d i a ­
g r a m a r e a l so t abu la t ed . 

Tab le VI. Sol idus , L iqu idus , and Solid T r a n s f o r m a t i o n T e m p e r a 
t u r e s of U -

U-10 w / o Pu 

a -* a + j3 
a + /3 - p 
P - /3 + 7 
6 + 7 - 7 

Solidus 

Liquidus 

U-10 w/o P u - 1 0 w / o 

Solid 

t r a n s f o r m a t i o n s 

Solidus 
Liquidus 

F z 

10 w / o P u and U-10 w / o Pu-

T h e r m a l A n a l y s i s 
(°C) 

7 3 5 

1025 
1060 

T h e r m a l A n a l y s i s 
(°C) 

5 3 5 

6 3 0 

9 1 0 

1010 

-10 w / o Fz 

U - P u P h a s e 
D i a g r a m (°C) 

5 8 0 

5 9 0 
7 3 0 
7 4 0 

1030 
1080 

C a l o r i m e t r y 

(°c) 
5 3 5 

600 
660 
9 0 0 

1030 

J. N u c l e a r M a t e r i a l s i_, 23 5 (1959), 
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Recent determinations of the composition of the phases in 
the U-10 w/o Pu-10 w/o Fz alloy by electron-microprobe analysis have 
helped to follow the behavior of zirconium in this alloy. The macro and 
micro compositions are given in Table VII. The as -cas t s t ructure is com­
posed of a retained solid solution of uranium with Pu, Mo, Ru, Rh, and Pd 
in the matr ix , and separate U-Zr and U-Pu phases in the boundaries of the 
gamma gra ins . After prolonged annealing, some of the ruthenium exchanges 
with the uranium in the zirconium phase, and hence the grain-boundary phase 
that was UZr tends to become ZrRu. This is a slow exchange, which is roughly 
half complete after 60 days at 850°C. The resulting matr ix consists of a 
solid solution of uranium with 7.3 w/o Pu, 2.8 w/o Mo, and 1.7 w/o Ru. It 
contains essentially no zirconium. A discontinuous grain-boundary phase 
in the heat - t rea ted s t ructure consists almost entirely of uranium and plu­
tonium in about equal amounts. This composition, according to the binary 
phase diagram, has a very low melting point and can be expected to d ras t i ­
cally influence mechanical proper t ies at elevated tempera tures . 

Element 

U 
P u 
Z r 
Ru 
Mo 
Rh 
P d 

He at - t rea ted U -

Specimen 
Composit 

Charged 

80.0 
10.0 
2.75 
2.95 
2.80 
0.5 
1.0 

ion (w/o) 

Analyzed 

80.1 
10.0 
2.70 
3.05 
2.70 
0.48 
1.01 

• 10 w/o Pu -

Separate 

10 

Ph 
(deternained 

Matrix 

85.5 
7.3 
0.1 
1.7 
2.8 
b 
b 

w/o Fz Alio 'Y 

ase Compositions (w/o) 
by microprc 

Gray on 
E.B.S.^ 

- 4 0 
- 5 8 

-0 .2 
-1 .4 
- 1 . 1 

b 
b 

ibe analyzer) 

Black on 
E.B.S.'^ 

-18 
- 5 

-3 9 
-3 2 
-3 .6 
b 
b 

^E.B.S. - e lec t ron-back-scat ter (image). 
Not analyzed. 

(ii) Compatibility with Potential Cladding Mater ia ls . Currently 
the behavior of U-10 w/o Pu-10 w/o Fz versus V-20 w/o Ti is being ex­
amined. Previous resul ts are given in P rog re s s Report for March 1964, 
ANL-6880, p. 17. The study is being extended to include 700°C for 9 x 
lO' sec (104 days). The tes ts of U-10 w/o Pu-10 w/o Fz versus V-10 w/o Ti 
have been extended to include 9 x lO' sec at 650°C. All data to date for 
penetration of fuel into cladding for these combinations (determined meta l ­
lographically) are summarized in Figure 5. 

Recent microprobe analyses at Mound Laboratory of U-
10 w/o Pu-10 w/o Fz /V-10 w/o Ti and U-10 w/o Pu-10 w/o F z / V - 2 0 w / o T i 
diffusion couples indicate that no penetration of U, Pu, Mo, Ru, or Zr into 
the cladding occurs beyond that seen metallographically. 
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Figure 5 

Penetration of V-10 w/o Ti and 
V-20 w/o Tiby U-10 w/o Pu-
10 w/o Fz 

PENETRATION INTO CLADDING, cm 

2. Development of J a c k e t M a t e r i a l s 

a. Vanad ium and Vanad ium Al loys . J a c k e t m a t e r i a l s for the fuel 
e l e m e n t s of fast r e a c t o r s m u s t have su i tab le h i g h - t e m p e r a t u r e p r o p e r t i e s , 
including s t reng th and i n t eg r i t y , good t h e r m a l conduc t iv i ty , and c o m p a t i ­
bil i ty with the n u c l e a r fuel and with l i q u i d - m e t a l coo lan t s such a s sod ium. 
The j acke t m a t e r i a l s m u s t a l so be a m e n a b l e to f a b r i c a t i o n into the d e s i r e d 
shapes . Of the v a r i o u s poten t ia l j acke t ing m a t e r i a l s t ha t h a v e b e e n cons id ­
e r e d , v a n a d i u m - b a s e a l loys a r e among the m o r e p r o m i s i n g , and t i t a n i u m 
is the e l emen t favored for u s e as an al loying e l e m e n t in the v a n a d i u m . The 
op t imum t i t an ium content in the al loy is not yet known; for e x a m p l e , the 
v a n a d i u m - t i t a n i u m alloy that i s m o s t i n e r t to s o d i u m is not l ike ly to be the 
composi t ion that is e a s i e s t to f a b r i c a t e . The p r o p e r t i e s and f a b r i c a b i l i t y 
of vanad ium and of vanad ium- t i t an ium a l loys a r e t h e r e f o r e being i nves t i ga t ed . 

Resu l t s to date ind ica te that c o m p o s i t i o n s with 10 to 20 w / o of 
t i t an ium a r e probably m o s t su i t ab le , but coimposi t ions with up to at l e a s t 
30 w/o a r e being s tudied. Al loys with h ighe r p e r c e n t a g e s of t i t a n i u m have 
been m a d e , but the i r h a r d n e s s is g r e a t e r and they a r e l e s s e a s y to f a b r i c a t e . 

(i) F a b r i c a t i o n . Inves t iga t ion of the conso l ida t i on and f a b r i c a ­
tion of a V-20 w/o Ti (TV-20) alloy has cont inued. 

A second 9 . 7 - c m (3 . 8 - i n . ) - d i a m e t e r ingot (AM25) of T V - 2 0 
alloy has been cas t by the c o n s u m a b l e - a r c p r o c e s s du r ing the m o n t h . The 
t i t an ium ana lys i s is 19.7 ± 0.4 w / o . Fol lowing X - r a y i n s p e c t i o n , the a r c -
cas t ingot was c ropped and mach ined to a 8 . 9 - c m (3 , 5 - i n . ) - d i a m e t e r e x t r u ­
sion bi l le t weighing a p p r o x i m a t e l y 13.5 kg. U l t r a s o n i c i n s p e c t i o n of the 



13 

machined billet revealed no internal defects, and the billet was extruded 
to provide stock for re-extrus ion into sheet bars and tube blanks. 

The TV-20 tube blanks that were extruded last month (see 
P r o g r e s s Report for March 1964, ANL-6880, p. 19) have been pickled in 
hot HCl to remove the Type 304 stainless steel cladding from the inner and 
outer surfaces. The dejacketed surfaces were so good that there was no 
need for conditioning before secondary fabrication. 

Sections of the tube-blank stock, 1 .69-cmODx 1.16-cm ID 
(0.665-in. OD x 0.456-in. ID) of varying lengths, were swaged over a hard­
ened steel mandrel to 1.45-cm OD x 1. 15-cm ID (0.573-in. OD x 0.453-in. ID) 
and vacuum-annealed for 1 hour at 900°C. A hard-drawn copper core was 
then inserted into the tube and the composite rod was drawn to about a 70% 
reduction in area . The TV-20 tube was lifted off the copper core with a 
light swaging pass . After core removal the tube measured approximately 
0.83-cm OD x 0.67-cm ID (0.328-in. OD x 0.266-in. ID). The tube was 
again annealed for 1 hour at 900°C after which an annealed copper core was 
re inser ted and drawing was continued to near the final size. The copper 
core ^vas removed, and the tube was cleaned and finished to final size by 
drawing over a hardened steel mandrel . "Teflon" was used as the lubricant 
for all drawing operations. 

The TV-20 alloy is quite amenable to cold working by draw­
ing, SAwaging, or rolling; but the alloy has a marked propensity for galling 
during drawing and all dies must be in perfect condition to prevent longi­
tudinal str iat ions and/or surface pickup. 

b. Molybdenum Alloys 

(i) High-temperature Mechanical P rope r t i e s . The e r r o r s r e ­
ported in determining the elastic modulus with a high-temperature mechan­
ical extensometer (see P rog re s s Report for March 1964, ANL-6880, p. 21) 
have been attributed to a fractured member in the linkage of the extensom­
eter . After the linkage was repaired, the modulus was measured for Mo-
0.5 w/o Ti-0.08 w/o Zr (TZM) at room tempera ture and at 650°C. The 
modulus was also measured at room tempera ture with a clamp-on exten­
someter . The room-temperature values for the elastic modulus are r e ­
ported in Table VIII. 

Specimens machined from a new shipment of TZM exhibited 
significantly greater strength than previously reported (see Table IX), 
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Table VIII. R o o n n - t e m p e r a t u r e E l a s t i c Modulus of 
Mo-0 .5 w /o T i -0 ,08 w/o Z r (TZM) 

Specimen 
Number 

St ra in 
Magnif icat ion 

Number 
of T r i a l s 

Klas t ic Modulus 
(10^ kg mm"^) 

C l a m p - o n E x t e n s o m e t e r 

500X 7 

looox 10 

500X 7 

500X 12 

lOOOX 12 

34.6 

32, 

31,3 

31,0 

31.2 

2.0 

+ 2,2 
-1.5 

+ 6.5 
-0,1 

+ 0,4 
-0 ,7 

+0.2 
-0 .8 

H i g h - t e m p e r a t u r e Mechanica l E x t e n s o m e t e r 

3 3 , 2 
1,5 

Table IX. Tens i le P r o p e r t i e s of Mo-0-5 w/o T i -0 ,08 w /o Z r 
at 650°C for Two Lots of Ma te r i a l 

Ult imate 
Tensi le S t ress 

(kg mm"^) 

5 6 . 0 
5 7 . 4 
5 5 . 7 

6 8 . 8 
7 0 . 1 
7 2 . 4 

74.9 

Yield 
S t r e s s 

(kg m m ' ' ) 

49.1 
55.0 
55.0 

66.0 
69.0 
72.4 
72,1 

Elongation 

(%) 
Lot 1 

23 
22 

> 17,7 

Lot 2 

19 
21 

> 1 9 
22 

Reduct ion 
of A r e a 

(%) 

86 

89 
8 5 

84 

86 
> 8 2 

87 

E l a s t i c 
Modulus* 

(10' kg m m " ' ) 

30 .4 
23.9 
25.0 
22.8 

Average = 25,5 
• 2 . 7 

•Strain rate, 2 , 1 x 1 0 * 

3. Z e r o Power Reac to r F u e l s 

a. P r o p e r t i e s of Z e r o P o w e r U - P u - b a s e F u e l A l loys , The p r o ­
g r a m to develop a U - P u - b a s e me ta l fuel for z e r o power c r i t i c a l s t u d i e s is 
continuing (see Monthly P r o g r e s s R e p o r t s for S e p t e m b e r and N o v e m b e r 1963, 
and M a r c h 1964). Recent e m p h a s i s has shif ted to s o m e w h a t lower p l u t o ­
n ium contents (—20%). 

Recent r e s u l t s for c o r r o s i o n by r o o m a i r of b i n a r y U - P u , U -
P u - F e , and U - P u - M o a l loys a r e s u m m a r i z e d in Tab le X. 
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Table X. C o r r o s i o n of U - P u - b a s e Alloys in Ai r 

Spec imen 
No, 

10 

11 

12 

Alloy (a /o) 

(UcszPucisJsFe 

U-27 P u - 6 Mo 

U-27 P u - 6 F e 

Cas t ing 
Method 

Inject ion 
cas t 

Inject ion 
cas t 

Inject ion 
cas t 

Length of 
T e s t . 
Days 

4 5 

3 5 

3 5 

% 
Weight 

Gain 

1,9 

0 , 2 

7 , 0 

(Uo.82p'Jo-i8)6^s Inject ion 
cas t 

(Uo.ejPuo 

(UO,BEPUO 

(Uo,BzPuo 

U-18 P U 

U-18 P U 

U-18 Pu 

,18 

,13 

,18 

)6Fe 

)6Fe 

I tFe 

Chil l c a s t 
as 9 , 0 2 - c m -
th ick pla te 

Chil l c a s t 
as 2 . 2 1 - c i n -

thick pla te 

Chil l c a s t 
as 4, 5 7 - c m -
thick pla te 

Inject ion 
cas t 

Cas t into 
270°C mold 

Chil l cas t 

3 5 

3 1 

3 1 

3 1 

18 

14 

Very sl ightly t a r n i s h e d . Weight 
nea r ly constant after 14 d a y s . 

Has v e r y thin black fi lm. 

Began d i s in t eg ra t ing on 10th 
day. Complete ly d i s i n t e g r a t e d 
by 12th day. 

F r o m same cast ing as s p e c i m e n 
No. 10, except cas t su r face 
machined off. Very sl ightly 
t a r n i s h e d . Weight nea r ly con­
stant after 14 days . 

Very sl ightly t a r n i s h e d . Weight 
nea r ly constant after 14 d a y s . 

Very sl ightly t a r n i s h e d . Weight 
constant after 10 days . 

Ve ry sl ightly t a r n i s h e d . Weight 
cons tant after 10 days . Deve l ­
oped s e v e r a l c r a c k s after 19 days . 

Blackened, swollen, and 
c racked in 17 days . 

Surface blackened in 8 days . 
Began to swell and d i s in t eg ra t e 
by 18th day. 

Surface nea r ly all b lack by 
14th day. 

S e v e r a l e l e m e n t s have b e e n t r i e d as a l loying add i t ions to the 
p y r o p h o r i c U - P u a l loys in an effort to i m p r o v e t h e i r c o r r o s i o n r e s i s t a n c e . 
E a r l y a i r - c o r r o s i o n and i g n i t i o n - t e s t r e s u l t s i nd i ca t ed that e i t h e r i r on or 
nnolybdenunn gave the d e s i r e d r e s u l t s . I r on was f avored as being the l e a s t 
u n d e s i r a b l e f r o m p h y s i c s c o n s i d e r a t i o n s . H o w e v e r , f u r t h e r s tud i e s shov/ed 
tha t the c o r r o s i o n r e s i s t a n c e and the s t r u c t u r e of a U-27 a / o P u - 6 a / o F e 
a l loy w e r e e x t r e m e l y s e n s i t i v e to the me thod of cas t ing and a p p e a r e d to 
d e t e r i o r a t e with t inne. I n j e c t i o n - c a s t ( c o a r s e - g r a i n e d ) m a t e r i a l had a r e l a ­
t ive ly low igni t ion t e m p e r a t u r e and c o m p l e t e l y d i s i n t e g r a t e d in a 12-day 
e x p o s u r e to flowing roonn a i r ( see S p e c i m e n 12 in Tab le X). H o w e v e r , a 
c h i l l - c a s t ( f i n e - g r a i n e d ) al loy of the s a m e c o m p o s i t i o n had a v e r y high 
ign i t ion t e m p e r a t u r e and began to show a p p r e c i a b l e c o r r o s i o n only a f te r 
11 w e e k s u n d e r s i m i l a r cond i t i ons . A l s o , the ign i t ion t e m p e r a t u r e of the 
c h i l l - c a s t m a t e r i a l was m u c h lower af ter s e v e r a l mo n t h s of s t o r a g e than 
when t e s t e d soon a f te r c a s t i n g . 

Both i r o n and nnolybdenunn add i t ions have been t r i e d as p a r t of 
the S E F O R z e r o - p o w e r fuel s t u d i e s . 
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E a r l y i n d i c a t i o n s w e r e tha t 18% P u would sa t i s fy t he S E F O R 
r e q u i r e m e n t s . The m a x i m u m so lub i l i ty of p lu ton ium in a lpha u r a n i u m i s 
ve ry c lose to t h i s . An a t t e m p t to e l i m i n a t e the d e t r i m e n t a l z e t a p h a s e by 
hea t t r e a t i n g the U-18 Pu b i n a r y a l loy was u n s u c c e s s f u l . A l a t e r i n c r e a s e 
of the p lu tonium r e q u i r e m e n t to 20% m a d e th i s a p p r o a c h even l e s s a t t r a c t i v e . 

Ano the r way to e l i m i n a t e the z e t a p h a s e would be to add suffi­
cient i r on (3.77 w/o) to get s ingle p h a s e (Uo.szPuo.lsleFe. All e f for t s to 
m a k e sound c r a c k - f r e e c a s t i n g s of t h i s c o m p o s i t i o n h a v e fa i led . H o w e v e r , 
the c o r r o s i o n r e s i s t a n c e of t h i s m a t e r i a l a p p e a r s to be s a t i s f a c t o r y (see 

Table X). 

The mo lybdenum a l loys have by far the b e s t c o m b i n a t i o n of 
p r o p e r t i e s . They a r e easy to c a s t and m a c h i n e , have good r o o m - t e m p e r a t u r e 
r e s i s t a n c e to a i r c o r r o s i o n , and have high ign i t ion t e m p e r a t u r e s . T e s t s of 
the U-27 a / o P u - 6 a / o Mo al loy ind i ca t e that i t s p e r t i n e n t p r o p e r t i e s a r e 
r e l a t i ve ly i n sens i t i ve to the cas t ing m e t h o d , and it d o e s not d e t e r i o r a t e with 

t i m e . 

We a r e now t ry ing to d e t e r m i n e the m i n i m u i n a m o u n t of m o l y b ­
denum n e c e s s a r y to give the d e s i r e d p r o p e r t i e s in the S E F O R a l loy . U-
20 a / o Pu a l loys containing 4.5 a / o Mo and 3 a / o Mo a r e being e v a l u a t e d . 
Also vanad ium and t i t a n i u m a r e being e x a m i n e d a s p o t e n t i a l a l loy ing e l e m e n t s . 

C. G e n e r a l F a s t R e a c t o r F u e l R e p r o c e s s i n g D e v e l o p m e n t 

1. Skull Oxidat ion 

The skull m a t e r i a l r e m a i n i n g in a z i r c o n i a c r u c i b l e a f t e r pou r ing 
of m e l t - r e f i n e d EBR- I I fuel a l loy is t r a n s f o r m e d to an e a s i l y p o u r a b l e 
powder by oxidat ion p r e p a r a t o r y to r e c o v e r y of the u r a n i u m by the skul l 
r e c l a m a t i o n p r o c e s s . Dur ing oxidat ion , s o m e of the z i r c o n i a c r u c i b l e m a ­
t e r i a l s may slough off into the skull ox ide . S a m p l e s of ox id i zed sku l l 
m a t e r i a l obtained in six runs in which u r a n i u m - f i s s i u m - 0 . 6 5 % c e r i u m 
c h a r g e s w e r e me l t ref ined in s e p a r a t e c r u c i b l e s have b e e n a n a l y z e d for 
z i r c o n i u m . Ana ly t i ca l r e s u l t s ind ica ted tha t z i r c o n i u m f r o m c r u c i b l e 
f r a g m e n t s cons t i tu ted only 1.3 w / o of the skul l ox ide . Th i s amoun t would 
cause no p r o b l e m s in the skul l r e c l a m a t i o n p r o c e s s . 

2 . Skull R e c l a m a t i o n P r o c e s s 

E n g i n e e r i n g - s c a l e (1.5 kg of u r a n i u m ) r u n s a r e being m a d e in o r d e r 
to e s t ab l i sh m e c h a n i c a l r e l i ab i l i t y of equ ipmen t and to d e v e l o p o p e r a t i n g 
t echn iques for the r e c o v e r y of u r a n i u m (see P r o g r e s s R e p o r t for N o v e m ­
ber 1963, A N L - 6 8 0 8 , p. 24) f rom oxid ized m e l t - r e f i n i n g s k u l l s . Fo l lowing 
each s tep in the skul l r e c l a m a t i o n p r o c e s s , an i m p u r i t y - b e a r i n g s a l t o r 
m e t a l phase is s e p a r a t e d as comple t e ly a s p o s s i b l e f r o m a u r a n i u m - b e a r i n g 
p h a s e . 



17 

During the past month, two engineering-scale skull reclamation runs 
were car r ied out without shutdowns between steps. The waste impurity 
solutions were removed with efficiencies of 88 to 96%, more than adequate 
for process requi rements . 

The waste metal solutions a re each removed from beneath a solidi­
fied salt layer. During intervals when the crucible contents a re being cooled 
to solidify the salt layer prior to the t ransfer of a molten metal phase, the 
agitator is slowly rotated to maintain a path (through the salt) for p r e s s u r ­
izing gas which subsequently forces the metal out of the crucible and into a 
waste container. Before the second of the engineering-scale runs, the round 
agitator shaft was machined to a hexagonal shape to provide a larger path 
for the pressur iz ing gas . By means of this modification, the gas p ressure 
required to effect t ransfer was reduced from the range of 15 to 20 psi to be­
tween 4 and 8 psi. 

3. Materials and Equipment Evaluations 

A 4-in.-OD, 6-in.-high tungsten crucible (see P rogres s Report for 
March 1964, ANL-6880, p. 31), which had been fabricated by spinning from 
a tungsten sheet, successfully withstood 14 cycles of heating to 800°C and 
cooling to room tempera ture while charged with 835 g of 50 w/o zinc-
magnesium and 417.5 g of flux. The crucible contents were molten and 
frozen at the two temiperature ex t remes . On the basis of the good pe r ­
formance of the spun crucible and a lower quoted price for a full-scale 
spun crucible than for full-scale crucibles fabricated by several other tech­
niques, bids have been requested for a 10-in.-OD, 20-in.-high spun crucible 
with baffles. 

4. Advanced P roces se s 

Work has continued on the development of liquid metal processes 
for the recovery of plutonium and uranium from fast power reactor fuels. 
In the process flowsheets currently under study, basic separations of fis­
sion products from uranium and plutonium are effected by equilibration of 
the fuel constituents between liquid metal and molten salt solvents. 

The cadmium-zinc-magnesium system is being considered for use 
as a process solvent because of its low corrosion rates in stainless steel 
and the possibility of operation at relatively low tempera tu res . Uranium 
solubility data were obtained ear l ie r in a set of experiments , using cadmium 
concentrations of 50 to 84 a /o , zinc concentrations of 6 to 30 a /o , and mag­
nesium concentrations of 10 to 20 a/o (see P r o g r e s s Report for January 1964, 
ANL-6840, p. 3 1). The intermetal l ic uranium compounds in equilibrium 
with the saturated solution in this general region of composition have been 
identified. X-ray resul t s , chemical analysis , and electron probe mic ro ­
analysis of crysta ls in quenched samples (from the intermediate t em­
pera ture region of about 450 to 600°C) show that the delta-phase compound, 
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U j Z n n is in e q u i l i b r i u m with the s a t u r a t e d so lu t ion . H o w e v e r , wi th m -
c r e a s i n g c a d m i u m c o n c e n t r a t i o n in the so lven t , i n c r e a s i n g a m o u n t s of c a d ­
m i u m s u b s t i t u t e s for z inc in the U^Zn, , l a t t i c e . C a d m i u m c o n c e n t r a t i o n m 
the c r y s t a l s r a n g e s f r o m about 3 to 4 a / o when the c a d m i u m c o n c e n t r a t i o n 
in the solvent i s 60 to 70 a / o , and f r o m about 5 to 7 a / o when t h e r e i s 75 
80 a / o c a d m i u m in the so lven t . A s i m i l a r quench ing e x p e r i m e n t with a Cd-
Zn-Mg solut ion s a t u r a t e d with p l u t o m u m h a s been p e r f o r m e d , but def in i t ive 
r e s u l t s a r e not yet a v a i l a b l e . 

D. Sodium Coolant C h e m i s t r y 

I m p u r i t i e s in sod ium u s e d a s a coolan t m r e a c t o r s m a y r e s u l t f rom 
r e a c t i o n of sod ium with c o n t a m i n a n t s in the c o v e r g a s . To d e t e r m i n e the 
i m p o r t a n c e of th i s s o u r c e , r e a c t i o n s of s o d i u m with v a r i o u s g a s e s which 
might be c o n t a m i n a n t s a r e being i n v e s t i g a t e d . In i t i a l e x p e r i m e n t s have 
been p e r f o r m e d with d i s t i l l ed s o d i u m and c a r b o n m o n o x i d e (at p r e s s u r e s 
be low ~9 mm) to m e a s u r e the effects of t e m p e r a t u r e and g a s p r e s s u r e on 
r e a c t i o n r a t e . P r e l i m i n a r y r e s u l t s at an in i t i a l c a r b o n m o n o x i d e p r e s s u r e 
of about 2.5 m m ind ica te no r e a c t i o n ( i . e . , a b s e n c e of p r e s s u r e change) b e ­
low 289''C and a cons tan t r e a c t i o n r a t e in the t e m p e r a t u r e r a n g e f r o m 304 
to 340°C. The r e a c t i o n r a t e a p p e a r s to be a p p r o x i m a t e l y s e c o n d o r d e r with 
r e s p e c t to the ca rbon monoxide p r e s s u r e . 

The solubi l i ty of c a r b o n in s o d i u m h a s been m e a s u r e d at 250°C. The 
sod ium conta ined about 100 ppm oxygen and t hus p r o b a b l y was s a t u r a t e d 
with r e s p e c t to sod ium oxide . A t en ta t ive va lue of 33 p p m c a r b o n was o b ­
t a ined . Th i s a g r e e s fa i r ly wel l with the va lue ob ta ined by G r a t t o n , n a m e l y , 
about 42 ppm at an oxygen c o n c e n t r a t i o n of a p p r o x i m a t e l y 40 p p m . 

E. E B R - I 

Unloading of p lu ton ium Mark-TV fuel r o d s f r o m E B R - I w a s 
comple t ed . A to ta l of 3 19 r o d s w e r e sh ipped to P h i l l i p s P e t r o l e u m Co. for 
s t o r a g e at the C h e m i c a l P r o c e s s i n g P l a n t . F o u r r o d s a r e be ing h e l d for 
sh ipment to Hanford for m e t a l l u r g i c a l e x a m i n a t i o n . An a d d i t i o n a l 96 r o d s , 
neve r u s e d in the r e a c t o r , a r e awai t ing d i s p o s a l . 

The twelve b lanket s u b a s s e m b l i e s w e r e a l s o r e m o v e d f r o m the r e ­
a c t o r and a r e being s t o r e d at the E B R - I fac i l i ty . One of t h e s e c o n t a i n e d 
an an t imony s o u r c e that had b e c o m e s tuck s e v e r a l m o n t h s p r e v i o u s l y . The 
b e r y l l i u m th imb le and s o u r c e "were r e m o v e d as a uni t and s t o r e d . The 
ac t ive po r t ion of the M a r k - I V fuel s u b a s s e m b l y b o x e s , a long wi th p o r t i o n s 
of the top u n i r r a d i a t e d e n d s , w e r e sent to A r g o n n e , I l l i n o i s , for m e t a l l u r ­
g ica l s tudy. 

^J . G. G r a t t o n , K A P L - 1 8 0 7 (1957). 
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The reactor top cover and shielding were replaced, NaK coolant 
was t rans fe r red from the drain tank to the gravity tank, and the reactor 
tank was flushed. With the outer blanket elevator raised, the safety and 
control rod drives were removed in preparation for removal of the control 
and safety rods . Likewise, the air cylinder for the safety plug was removed 
in preparat ion for removal of the plug. All Mark-IV steel dummy rods used 
during the approach to cri t ical have been disposed of by burial. 

F . EBR-II 

1. Reactor Plant 

During the month, the temperature of the pr imary system bulk so­
dium was lowered to about 350°F before filling the secondary system. Com­
bined operation of the pr imary and secondary systems at 350°F began on 
April 9, and heating of the combined systems to 590°F followed. Unloading 
of filter and verification subassemblies from the reactor grid was then 
accomplished. 

a. P r imary Sodium Pumps. Checkout of the pr imary sodium pumps 
is essentially complete. During most of the heatup of the pr imary tank bulk 
sodium from 350 to 590°F, the pumps were operated at about 74% flow. The 
pumps "were operated at full flow for about 42 hr during the cleanliness ve r i ­
fication run, and also during measurement of the drop-t ime character is t ics 
of the control rods. 

b. Fuel Handling. Removal of four natural uranium verification 
subassemblies , two fi l ters , and an enriched core, inner blanket, and outer 
blanket subassembly from the reactor grid was accomplished. The two 
filters were removed directly from the pr imary tank and the sodium dis ­
tilled from them. With one exception, the other subassemblies were placed 
temporari ly in the storage basket and then removed from the pr imary tank. 

During the removal of the third natural uranium verification 
subassembly from the storage basket, the subassembly was inadvertently 
dropped. An investigation indicates that the t ransfer a rm very likely was 
locked with the subassembly outside the locking pin. It was later demon­
strated that the t ransfer a rm could support a dummy subassembly outside 
the locking pin as the t ransfer a rm was moved vertically with respect to the 
storage basket. 

Using a dummy subassembly, it was determined that the basket 
position formerly occupied by the "lost" subassembly as well as the only 
enapty adjacent basket position were both empty and the key bars were in­
tact. The path the subassembly t ravels on the t ransfer a rm between the 
p re - t rans fe r position and the reactor cover (which was down at the time the 
subassembly was dropped) was found to be unobstructed. 
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Manual r o t a t i o n of the s t o r a g e b a s k e t with the d u m m y s u b a s ­
s emb ly held in the t r a n s f e r a r m c l o s e to the b a s k e t i nd ica ted no i n t e r f e r ­
e n c e s . Such i n t e r f e r e n c e should ex i s t if the s u b a s s e m b l y is lodged a c r o s s 
the top of the s t o r a g e b a s k e t . Manua l r o t a t i o n of the b a s k e t in the "down" 
pos i t ion a l so ind ica ted no e x c e s s i v e t o r q u e . It a p p e a r s that the " l o s t " s u b ­
a s s e m b l y fell to the bo t tom of the p r i m a r y t ank , e i t h e r into or ad jacen t to 
the catch bas in . A study of the m e a s u r e s n e c e s s a r y to p r e v e n t a r e c u r ­
r ence of th is inc ident is unde r way. 

c. S u b a s s e m b l y E x a m i n a t i o n . The two f i l t e r s u b a s s e m b l i e s , a 
co r e and inner blanket type , w e r e opened and e x a m i n e d a f t e r s o d i u m d i s ­
t i l l a t ion . M i l l i g r a m quan t i t i e s of b lack m a t e r i a l w e r e found with s m a l l 
quan t i t i e s of white sod ium oxide . About e ight s m a l l p i e c e s of m e t a l l i c m a ­
t e r i a l w e r e found in the f o r m of s m a l l ch ips . The l a r g e s t p i ece was about 
•J-in. long, 0.010 in. th ick , and-jr-in. wide . E x a m i n a t i o n of two v e r i f i c a t i o n 
s u b a s s e m b l i e s i s being p e r f o r m e d in A N L - I U i n o i s . The e n r i c h e d c o r e s u b ­
a s s e m b l y will be d i s a s s e m b l e d and i n s p e c t e d in the F u e l Cyc le F a c i l i t y . 

d. O s c i l l a t o r . The o s c i l l a t o r rod d r i v e was c o n n e c t e d , and the rod 
was o s c i l l a t e d over the des ign r ange of r e c i p r o c a t i n g f r e q u e n c i e s and v a r i ­
able s t r o k e l eng ths . O p e r a t i o n was s a t i s f a c t o r y . 

e. Cont ro l and Safety Rods . The d r o p t i m e c h a r a c t e r i s t i c s of con­
t r o l and safety rods unde r full flow condi t ions w e r e i n v e s t i g a t e d . Con t ro l 
rods No. 2 and No. 5 w e r e s e l e c t e d as r e p r e s e n t a t i v e , and both r o d s w e r e 
t e s t e d individually at both z e r o flow (for c o m p a r i s o n with e a r l i e r da ta) and 
full flow. All e leven r o d s w e r e a l so d ropped s i m u l t a n e o u s l y , with con t ro l 
rod No. 5 as the i n s t r u m e n t e d rod . All t e s t s w e r e conduc ted with a s c r a m 
a s s i s t a i r p r e s s u r e of 30 p s ig . Tes t i ng of the safety r o d s was a l s o s c h e d ­
uled to be comple ted before the end of the mon th . 

The following r e p r e s e n t s p r e l i m i n a r y i n f o r m a t i o n : 

(1) The r e s u l t s for z e r o flow c o m p a r e f avorab ly with t h o s e 
obtained e a r l i e r , except in the dashpot r eg ion . Snubbing ac t i on is now s o m e ­
what f a s t e r - appa ren t ly as a r e s u l t of r e c e n t mod i f i ca t i ons The p r e s e n t 
behavior a p p e a r s to be s a t i s f a c t o r y , and t h e r e h a s been no s ign i f i can t change 
to m a x i m u m rod a c c e l e r a t i o n . 

(2) F u l l r e a c t o r flow c a u s e s s o m e r e t a r d a t i o n of the rod d r o p 
reducing the m a x i m u m a c c e l e r a t i o n for ind iv idual r o d s f r o m a p p r o x i m a t e l y 
1.48 g to 1.3 g. Drop t i m e for 10-m. t r a v e l i s of the o r d e r of 230 m s e c -
a p p r o x i m a t e l y 20 to 25 m s e c longer than for z e r o flow. 

f. Rotat ing Plug Sea l s . One b u r n e d - o u t s e a l h e a t e r was r e p l a c e d . 
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g. Sodium-purification System. The system is now in operation 
at reduced flow. A faulty copper bus bar joint for the EM pump, which p r e ­
vented pump operation, was repaired. A thermal air switch in the pump 
rectifier cooling system was also repaired. 

h. Fuel-unloading Machine. Rework (see P rogres s Report for 
March 1964, ANL-6880, p. 33) was completed, except for wiring instal la­
tion for the new inlet line heater and insulation of the associated piping. 

i. Fuel-e lement-rupture-detect ion Loop (Delayed-neutron Monitor). 
Installation of hea ters and thermocouples was completed. Insulation of the 
piping loop has begun. Construction of the lead brick shielding wall around 
the installation is partially complete. 

j . Shutdown Coolers. Heat balance tes ts of the shutdown coolers 
showed that the cooling air louvers and actuators operated satisfactorily. 

k. Reactor Building Containment. A new valve seal has been in­
stalled in the purge exhaust isolation valve. The valve has been leak-tested 
and meets the requirements . 

The leak rate of the reactor building freight door was found to 
be approximately 2 ft ' /24 hr . 

The two flexible seals for the 12-in.-diameter secondary so­
dium piping penetrations through the reactor building were leak rate tested. 
Each unit was pressur ized with air at 24 psig for 8 hr , and leak rate was 
acceptable. 

1. Reactor Building Crane. The installed reactor crane interlock 
has been checked out except for a swinging load test . The interlock p r e ­
vents crane operation in the area of the control rod cluster during reactor 
operation. 

2. Sodium Boiler Plant 

A cross connection between the boiler feed line and the blowdown 
line was made. Radiography disclosed acceptable welds, and the piping 
was tested hydrostatically to design specifications. This new line will per ­
mit circulation of water through the yard lines during standby conditions 
to prevent freezing in cold weather. 

The temporary cold t rap v/as operated, circulating sodium from one 
end of the storage tank to the other. Heatup of the secondary sodium sys­
tem and s team system pr ior to filling was then started on Tuesday, April 7. 
The two systems reached the filling temperature of 350°F late on Wednes­
day, April 8. The secondary system was then filled with sodium, and 
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combined o p e r a t i o n of the p r i m a r y and s e c o n d a r y s y s t e m s at 3 50°F was 
effected on A p r i l 9. Hea tup of the c o m b i n e d s y s t e m s ( p r i m a r y , s e c o n d a r y , 
and s t eam) was s t a r t e d at t h i s t i m e and c a r r i e d out t h r o u g h A p r i l 15, when 
plant s tandby condi t ions w e r e a c h i e v e d (575°F), The plugging t e m p e r a t u r e 
of the s econda ry sod ium was m a i n t a i n e d be low 3 00°F by o p e r a t i o n of the 
t e m p o r a r y cold t r a p . 

Shor t ly af ter p lant s tandby condi t ions w e r e a t t a i n e d , the l eak d e ­
t e c t o r in the outer case of the m a i n s e c o n d a r y E M p u m p gave an ind ica t ion 
of sod ium t h e r e i n . The pump was shut off, and v i s u a l i n s p e c t i o n co n f i rmed 
the p r e s e n c e of sod ium in the pump c a s e . The s o d i u m w a s d r a i n e d to the 
s t o r a g e tank, and the piping s y s t e m s w e r e cooled to r o o m t e m p e r a t u r e . The 
s t e a m g e n e r a t o r was p laced in v/et l ayup , and the s o d i u m - s t o r a g e tank t e m ­
p e r a t u r e was r e d u c e d to 350°F, w h e r e it was m a i n t a i n e d . 

E l e c t r i c a l t e s t s showed that the r e s i s t a n c e h e a t e r s in the b o t t o m of 
the pump case w e r e s h o r t e d out. " M e g g e r " t e s t s of the p u m p windings show 
t h e m to be unaffected at th i s t i m e . A t t a c h m e n t s such a s cool ing w a t e r l i n e s , 
a rgon l i n e s , and e l e c t r i c a l connec t ions , w e r e r e m o v e d f r o m the p u m p in 
p r e p a r a t i o n for r e m o v a l of the top c a s e s ec t i on to p e r m i t d e t a i l e d i n s p e c ­
t ion of the pump duct . 

Two v e n d o r ' s r e p r e s e n t a t i v e s i n s p e c t e d the p u m p . The c o v e r , with 
a t t ached upper coil winding, was r e m o v e d . The u p p e r s u r f a c e of the pump 
tube was then v i s ib l e , and two c r a c k s about 2 in. long w e r e found. Ev idence 
of two s m a l l e r c r a c k s in the s a m e v ic in i ty was no ted . T h e s e c r a c k s w e r e 
n e a r the suct ion end of the pump and not in the v ic in i ty of the tube w e l d s . 
The sod ium which had l eaked was a p p a r e n t l y pumped t o w a r d the high p r e s ­
s u r e end of the pump unt i l it hi t a baffle at the h i g h - p r e s s u r e t r a n s i t i o n and 
then s p r a y e d s i deways . T h e r e is no exp lana t ion at p r e s e n t a s to the c a u s e 
or o r ig in of t he se c r a c k s . 

The pump tube and lower coil winding a r e being r e m o v e d by cut t ing 
the 12-in. s e c o n d a r y sod ium p ipes ad jacent to the p u m p c a s e . It i s p o s s i b l e 
that the r e p a i r s can be effected m Idaho. H o w e v e r , if the p u m p m u s t be r e ­
t u rned to the vendor it may take a s m u c h a s s ix m o n t h s for r e p a i r P l a n s 
a r e being made to use a s m a l l e r , e x p e r i m e n t a l p u m p m the m e a n t i m e if 
n e c e s s a r y . 

The gas c h r o m a t o g r a p h , which a n a l y z e s the a r g o n cove r g a s for h y ­
d rogen , was checked out and p laced m o p e r a t i o n by a m a n u f a c t u r e r ' s r e p r e ­
s e n t a t i v e . The n i t r ogen and hyd rogen c o n c e n t r a t i o n s m the cove r g a s w e r e 
high, being 4000 ppm and 2000 ppm, r e s p e c t i v e l y , p r o b a b l y due to a i r and 
m o i s t u r e con tamina t ion dur ing the y a r d welding which c o n n e c t e d the 
ondary piping to the p r i m a r y hea t e x c h a n g e r . s e c -
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3. Power Plant 

Operations preparatory to approach-to-power were successfully 
carr ied out until failure of the secondary sodium pump (see Sect. 2 above). 

Prepara t ions were completed for measuring Power Plant high-
p re s su re steam-line movement and expansion from the cold to hot condi­
tion; initial readings at the cold condition were taken at eleven points on 
the piping. Hot readings must await the generation of superheated steam. 

During heatup and standby operation, standard operating procedures 
as given in the EBR-II Operating Instructions, were followed except as 
modified by inter im special instructions. Necessary changes based upon 
experience during heatup and standby operation will be incorporated in the 
Operating Instructions. Water was heated in the No. 2 feedwater heater and 
circulated by the startup feedwater pump. The standby condition of 1250-psi 
drum p res su re was attained, and feedwater and blowdown were circulated 
at the rate of 8,000 Ib/hr , with the excess output bypassed to the No. 2heater 
via the "warmup line of the motor-dr iven feed pump. 

At plant standby, feedwater was pumped at the rate of 4,000 to 
5,000 Ib/hr with no blowdown. Steam was dumped to the condenser via the 
bypass system and desuperheater . 

Difficulties were experienced with one of the control valves which 
bypass steam from the steam main to the condenser. Modifications to im­
prove performance will be effected prior to the next plant startup. 

With shutdown of the secondary system, the steam generator was 
put in wet layup completely filled with water containing 150 ppm of sulfite 
and sufficient morpholine for a pH of 10.2. 

4. Fuel Cycle Facili ty 

a. Removal of Nitrogen from Argon. The removal of nitrogen 
from argon by gettering the nitrogen on hot (~900°C) titanium sponge is 
under study because of a possible future need to remove nitrogen from the 
argon atmosphere in the Argon Cell of the EBR-II Fuel Cycle Facility. 

A pilot plant (see Figure 6) has been constructed to obtain in­
formation on component reliability. An argon-nitrogen gas mixture is 
circulated from a surge tank by means of a blower. The flow rate is m e a s ­
ured by an orifice meter and manometer . Flow rate is controlled by ad­
justment of the blower speed in conjunction with a flow-control valve. 

The gas passes through a 4-way valve into a regenerative 
pebble-bed heat exchanger, and into a tr ickle heater to bring its t emper ­
ature to the desired 900°C for reaction. All vesse ls above the dashed line 
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in F i g u r e 6 a r e loca ted in a r e s i s t a n c e f u r n a c e . The t i t a n i u m bed is m a i n ­
ta ined at 900°C for r e a c t i o n of the n i t r o g e n content of a r g o n to t i t a n i u m 
n i t r i d e . The pur i f ied gas p a s s e s into a s econd t r i c k l e h e a t e r and into a 
second r e g e n e r a t i v e hea t e x c h a n g e r . Dur ing th i s p a r t of the c y c l e , the t e m ­
p e r a t u r e of the second r e g e n e r a t i v e hea t e x c h a n g e r slowly r i s e s a s hea t 
f rom the gas is s t o red . The gas then p a s s e s t h r o u g h the 4 -way v a l v e , into 
a heat exchanger to r e d u c e i t s t e m p e r a t u r e to r o o m t e m p e r a t u r e , and into 
the surge tank. The 4-way va lve m a y be o p e r a t e d on a t i m e cycle so that , 
at a p r e d e t e r m i n e d t i m e , the va lve c h a n g e s pos i t i on , r e v e r s i n g the d i r e c ­
tion of flow through the pur i f i ca t ion s y s t e m . T h i s i s done to r e - u s e the heat 
s to red in the pebb le -bed r e g e n e r a t i v e hea t e x c h a n g e r s . In each p a r t of the 
cycle , the t r i c k l e h e a t e r on the inlet s ide of the t i t a n i u m r e a c t o r is on, and 
the t r i ck l e h e a t e r on the d o w n s t r e a m s ide is off. Makeup a r g o n and n i t r o ­
gen a r e added to the su rge tank. 
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Figure 6. Schematic Diagram of the Pilor Plan, iT„i. t u „ 
»̂ B "1 "le niot Plant Unit for the Removal of Nitroaen from Aronn 
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The pilot plant has been operated continuously for 1000 hr at a 
gas-ci rculat ion rate of 9.2 cfm. All components and instrumentation per­
formed their design functions well. During this long-term reliability run, 
the system successfully demonstrated the feasibility of la rge-sca le removal 
of nitrogen from argon by hot titanium sponge. Nitrogen, which was added 
to the circulating argon at a rate calculated to maintain its concentration at 
about 650 ppm, was removed at approximately the nitrogen-addition rate 
during the first 120 hr , during which time an estimated 20% of the titanium 
sponge was converted to nitride. The nitrogen concentration in the gas 
reached about 12% after 144 hr of operation; 22 additional hr of operation 
without nitrogen input then reduced the nitrogen concentration below the 
l imits of detection. 

After some 400 hr of operation since the EBR-II Argon Cell was 
filled with argon (see P r o g r e s s Report for March 1964, ANL-6880, p. 36), 
the argon purification compressor and motor were removed from their en­
closure for inspection to determine the cause of an increase in bearing 
noise level and an excessive r i se in bearing operating temperature (see 
P r o g r e s s Report for March 1963, ANL-6705, p. 22). The examination 
showed that misalignment of the shafts of the compressor and motor was 
responsible. To prevent future changes in shaft alignment, the compressor 
and motor have been dowel pinned to the main base frame. Since this modi­
fication, the compressor and motor have been operating satisfactorily. 

To eliminate the possibility of mechanical s t r e s ses taking place 
in the in-cel l c rane-dr ive machinery, which could result from rapid r e ­
versa l of the crane motors , anti-plugging re lays , which assure that a motor 
cannot be reversed before it has stopped, have been installed in the crane 
control cabinets. 

The electr ical circuitry of the electromechanical manipulators 
has been modified to prevent simultaneous operation of the arm-rota t ion 
motor and the hoist motor. This change will prevent twisting of the hoist 
cable and will minimize the possibility of arcing in associated electr ical 
connectors and wiring. 

The furnace and associated supporting equipment for the oxida­
tion of the residue (skull) remaining in the crucible after melt refining have 
been installed in the Fuel Cycle Facility (see P rog re s s Report for Febru­
ary 1964, ANL-6860, p. 28). 

b. Waste Disposal. High-level activity wastes produced in process 
operations will be packaged in a waste disposal container (steel pails, 11-j-in. 
in diameter by 6 ft long) before disposal to a waste burial and storage area . 
The disposal container will serve to hold either 120 lb of subassembly stain­
less steel waste (from dismantling-machine operations) which has been 
placed directly in it or 120 lb of waste mater ia l which has been previously 
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packaged in 6 s m a l l e r s i zed (3-ga l ) capped p a i l s . The 6- f t - long d i s p o s a l 
con ta ine r will be loaded and capped in the A i r Ce l l , and then l o w e r e d th rough 
a floor plug in the A i r Cel l into a coffin for t r a n s f e r to the b u r i a l g r o u n d . 
(Detai led d rawings a r e being p r e p a r e d for f a b r i c a t i o n of the t r a n s f e r coffin 
for t h e s e d i sposa l c o n t a i n e r s . ) At the b u r i a l g r o u n d , the w a s t e d i s p o s a l 
con ta ine r will be d ropped into a l ined hole which wi l l t h e n be backf i l l ed with 
a m i n i m u m of 6 ft of d i r t . S t e e l - l i n e d h o l e s wi l l be u s e d for d i s p o s a l con­
t a i n e r s which contain r ad ioac t ive m a t e r i a l which wil l r e m a i n h a z a r d o u s for 
over 5 y e a r s . After the hole i s backf i l led , the l i n e r wil l t hen be s e a l e d by 
welding on a s t ee l cove r . 

Impac t t e s t s w e r e p e r f o r m e d to d e t e r m i n e if the d r o p s , which 
may be as g r e a t at 15 ft, would d a m a g e a loaded and capped d i s p o s a l con ­
t a i n e r . In a l l t e s t s , the s a m e d i s p o s a l c o n t a i n e r and c o v e r w e r e u s e d . In 
one set of t e s t s , the t e s t load in the capped d i s p o s a l c o n t a i n e r c o n s i s t e d of 
6 t h r e e - g a l capped p a i l s , each filled v i t h about 20 lb of s t e e l shot . In 
ano the r set of t e s t s , the t e s t load in the capped d i s p o s a l c o n t a i n e r cons i s t ed 
of 120 lb of s tee l b a r s , loaded d i r ec t ly into the d i s p o s a l c o n t a i n e r . Since 
the d rops in the two se t s of impac t t e s t s did not l o o s e n the c o v e r or r u p t u r e 
the was te con ta ine r , the r e s u l t s would ind i ca t e tha t a d i s p o s a l c o n t a i n e r 
used for the f i r s t t ime will not be d a m a g e d and the cove r wi l l r e m a i n t ight 
when the conta iner is d ropped into a l ined ho le . 

c. Core Subassembly D i s m a n t l e r . The C o r e S u b a s s e m b l y D i s ­
m a n t l e r (see P r o g r e s s R e p o r t for O c t o b e r 1963, A N L - 6 8 0 1 , p . 19) h a s been 
u s e d to d i s a s s e m b l e two fuel s u b a s s e m b l i e s which have been r e m o v e d f rom 
the r e a c t o r . Both had been in the p r i m a r y tank s o d i u m , but w e r e not 
i r r a d i a t e d . 

The d i s m a n t l e r has now been equipped with the a d a p t o r s and 
f ix tu res n e c e s s a r y to p e r m i t d i s a s s e m b l y of the o t h e r s ix s u b a s s e m b l y 
conf igura t ions used in E B R - I I . T r i a l o p e r a t i o n s on the b l anke t , sa fe ty , and 
con t ro l s u b a s s e m b l i e s will be c a r r i e d out as soon a s they b e c o m e a v a i l a b l e . 

An addi t ional muff ler r educed the no i s e l eve l of the d i s m a n t l e r 
cooling s y s t e m to a s a t i s f a c t o r y l eve l . A pump b y p a s s c i r c u i t h a s a l s o been 
added to the cooling s y s t e m which will p e r m i t o p e r a t i n g the s y s t e m at the 
a i r flow r e q u i r e d for cooling r a t h e r than at a fixed m a x i m u m flow, c o n s e ­
quently extending the life of the h igh-e f f i c i ency f i l t e r s . A m i n o r m o d i f i c a ­
t ion is being made to p e r m i t the t ie bolt nut holding the b l anke t s e c t i o n to 
be u n s c r e w e d r a t h e r than to s h e a r the bolt as o r i g i n a l l y p l anned . 

d. F u e l E l e m e n t D e c a n n e r . The F u e l E l e m e n t D e c a n n e r in the 
Argon Cell has decanned a p p r o x i m a t e l y 800 u n i r r a d i a t e d s o d i u m - b o n d e d 
fuel e l e m e n t s dur ing the pas t s ix mon ths a s p a r t of the s h a k e - d o w n t e s t s . 
The sod ium was found to be m o r e a d h e r e n t at r o o m t e m p e r a t u r e in the h igh -
pur i ty Argon Cell a t m o s p h e r e than in p r e v i o u s d r y box t e s t s with a l e s s pure 
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atmosphere . This additional adherence of the sodium caused some prob­
lems with the proper movement of scrap through the machine. The scrap 
problem was solved by heating the chopper unit and by a small increase in 
the gear-tooth spacing in the chopper which crimps and t ea r s the scrap 
into short lengths. 

Some intermittent stoppage has occurred in the flow of fuel 
through the decanner. This could have resulted from either slippage in the 
decanner drive mechanism, or from jamming of the entrance to the chopper 
by a mixture of tacky sodium and small fuel chips produced by the chopper. 
There was also some loss of these fuel chips from the chopper entrance. 

The decanner slippage has been corrected; also the drive chain 
mechanism is being changed to increase its reliability. The flow of fuel 
into the chopper is expected to be aided and the loss of chips reduced by a 
new guide-tube design that is ready for testing. This tube encloses the fuel 
as it leaves the decanner until it is inside the chopper. The tube can be 
heated if it is found necessary to reduce the res is tance of the sodium to the 
passage of the fuel. 

During the decanning of the 800 fuel elements, the decanner tool 
broke more frequently than normal. Investigations revealed that the break­
age was principally due to improper heat t reatment of the tool blank mate­
r ial as obtained from the manufacturer. New tools will be prepared as 
soon as certified blanks of the original mater ia l (REX AA) can be obtained. 
In the meantime, a more ductile tool steel (M2) is being used. 

e. Fuel-preparat ion Tes ts . The initial injection casting runs with 
uranium-fiss ium fuel were undertaken in the Argon Cell. Four casting runs 
\vere made; the first two have been processed through the demolding and 
pin processing station. Results are shown in Table XI. 

Table XI. Fuel Cycle Production Data 

Cast Run 
No. 

.21 

.22 

.23 

.24 

Charge 
(kg) 

10.1 
11.6 
11.2 
9.47 

Cast Metal 
(kg) 

8.06 
8.42 
8.19 
6.48 

Total No. 
Castings 

100 
90 

No. 
Acceptable 

86 
63 

Processing Incompl 
Processing Incompl 

No. 
Rejected 

14 
27 

e te 
e te 

The first ser ies of test runs on the bonding equipment has been 
completed with the electr ical cyclic bonder and a pneumatic bonder. Anal­
ysis of the early portion of the tes ts (electrical cyclic bonder) indicated 
that, while the annular bond appeared satisfactory, nearly all of the ele­
ments showed a large void either just above the fuel or just below the 

file:///vere
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r e s t r a i n e r . I n c r e a s e d t i m e of bonding did not c o r r e c t th i s condi t ion . H igh­
speed photographs of the ac t ion of the cyc l i c bonde r ind ica ted that the m a ­
chine was not impa r t i ng enough e n e r g y to the fuel e l e m e n t . While p o s s i b l e 
modif icat ions to th is bonder w e r e being c o n s i d e r e d , an a l t e r n a t e m a c h i n e 
pneumat ica l ly ac tua ted , was put into o p e r a t i o n . The r e s u l t s f r o m th i s m a ­
chine were encourag ing . Data f r o m th i s in i t i a l s e r i e s i s p r e s e n t e d in 
Table XII. 

Table XII. Results of Two Types of Bonding Runs 

Run 

N o . 

1 

2 

3 

4 

5 

6 
7t 

8 

9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

No. of 
Pins 

17 

17 

17 

39 

39 

39 
20 

3 

3 

3 

3 
3 

3 

3 

5 

5 

11 

6 

14 

Bonder 
Type* 

E 

E 

E 

E 
E 

E 

E 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

Time ( m i n ) / 
Temp . (°C) 

30/500 
60/500 

120/500 
60/500 

120/500 
360/500 
240/500 

1/500 
3/500 
4 /500 
5/500 
7/500 
8/500 

10/500 
Incl. ampl . 
v a r i a t i o n at 

500°C 
tt 

" 
tt 

tt 

I m p a c t s 

3500 
7000 

14000 
7000 

14000 
42000 
28000 

100 

3 0 0 

4 0 0 

5 0 0 

7 0 0 

8 0 0 

1000 

100 

3 0 0 

5 0 0 
700 

1000 

R e s u l t s 
Acce 

0 

0 

0 

0 

0 

0 

0 

3 

3 

3 

3 

3 

3 

3 

N o t 

p t 

e v a 

" 
II 

II 

Rejec t 

17 
17 

17 

39 

39 

39 
20 

-
-
-
-
-
-
_ 

-luated 

Rej 
Ann. 

X 

X 

X 

X 

ect for Vl 
Bubble 

X 

X 

X 

X 

X 

X 

X 

oids** 
T r a p 

X 

X 

X 

*E - electrical cyclic; P = pneumatic 

* * ^ K K ! ^ ' ' ""''^ ' ""''^ ^ ' " ' ' ^ ' " ^^-^ ^/^^ ^ 3/32-in. in annulus; 
Bubble = void above pin or below restrainer greater than l / l 6 x l / l 6 in 
I rap - Sodium of tube wall above normal level 
These rods were removed and direotionally cooled (bottom to top) 

G. F A R E T 

1. Gene ra l 

r e f ineme^ t^o^c l ' u r d t q - ^ ' ^ ^ - ' - " " " ' ^ ^ ' l a b o r a t o r y effort h a s been r e l a t e d 
de ta i l s into f i rm la quipment a r r a n g e m e n t s , and to 

to 

emphas i s has been T a L " ' o n t h " " ' : ' " ' " ' a r c h i t e c t - e n g i n e e r . P a r t i c u l a r 
vault equipment eva lua t ion of r e q u i r e m e n t s for layout of 

c o n v e r s i o n of t h e s e 
Pi 
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The initial submittal from Bechtel of the construction Package I 
specifications and drawings has been received at the Laboratory. The sub­
mittal is complete except for the excavation drawings which will follow 
shortly on a schedule which is not expected to delay the completion date 
for the entire package. 

United Engineers and Constructors , Inc. has been selected as the 
general contractor . Initial orientation and information meetings have been 
held for the benefit of contractor personnel. 

2. Safety Analysis 

The Laboratory review of the Pre l iminary Safety Analysis Report 
has been completed. Final editing is in p rogress . 

3. Facility Design 

a. Cell Atmosphere. The FARET cell is a shielded, leak-res is tant , 
containment s t ructure , 20 ft wide by 60 ft long by 35 ft high, with a volume 
of 42,000 cu ft. This s tructure surrounds the reactor and the wet fuel-
storage tank, and houses the remotely operated fuel-handling and disassembly 
machinery. Normally the cell will contain an argon atmosphere, but occa­
sionally it may be necessary to change the atmosphere from argon to air . 

Two techniques for changing the cell atmosphere have been con­
sidered: evacuation and displacement. Design considerations associated 
with the evacuation technique has made the displacement method appear to 
be the more pract ical . 

In order to determine the feasibility of the displacement method, 
the amount of mixing that may take place between the gases during the dis­
placement process must be known. An experimental facility (see Figure 7), 
comprising a sealed tank 4.5 ft in diameter and 12.5 ft in height, with win­
dows and gas-detection probes at various elevations, was constructed. An 
inlet distribution pipe for argon is located near the bottom, and a 4-in.-
diameter outlet at the top is connected to a blower. The gas-detection 
probes were connected to a 0 to 5 percent oxygen analyzer through a group 
of selection valves. Lights, heater , and sheet metal pieces (vertical ob­
structions) simulating cell equipment were located inside the tank. 

Argon was admitted to the air-filled tank at a predetermined 
rate of flow for a given period of t ime. This established (a) the calculated 
rate of ver t ica l movement of a theoretical interface between the argon and 
air in the tank, and (b) the total volume of argon in the tank. When the theo­
ret ical interface approached the vicinity of a given detection probe, the 
probe was opened and the gas in the vicinity of the probe was analyzed. In 
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th i s m a n n e r the amount of mixing and diffusion at the i n t e r f a c e could be 
crudely d e t e r m i n e d . After each r u n , oxygen conten t was d e t e r m i n e d at a l l 
five probe po in t s , and the amount of a i r r e m a i n i n g in the t ank was e s t i m a t e d . 

tAHK DIAMETER = 4.5 f t 

TAKK HEIGHT = 12.5 f t 

TOTAt VOLULME = 196.6 f t ^ 

Figuie 7. System for Gas Diffusion Study 

Some runs w e r e m a d e a l so ^vith a s m o k e - f i l l e d tank and the 
ex i s tence and condit ion of the in te r face v i sua l ly noted. 

The movemen t of the in te r face was s tudied by two e x p e r i m e n t a l 
t echn iques . F i r s t , the t h e o r e t i c a l in t e r face was moved at a cons tan t v e l o c ­
ity through the range f rom 4 to 20 f t / h r for the to ta l he igh t of the tank . 
Secondly, the in te r face veloci ty was v a r i e d th rough the r a n g e f r o m 12 to 
20 f t /h r for the f i r s t 3 ft of tank height . Then for the r e m a i n i n g 9-j-ft, the 
veloci ty was held constant at 40 f t / h r . The l a t t e r me thod i n s u r e d tha t the 
gas was not tu rbu len t upon en ter ing the tank and s e r v e d to e s t a b l i s h a s e c ­
t ion of st i l l gas that would act as a p lenum c h a m b e r o r buffer r e g i o n for 
the incoming gas when the flow ra t e was i n c r e a s e d . 

The r e s u l t s of four teen runs a r e g iven in Tab le XIII. The oxygen 
p e r c e n t a g e s a r e from r ead ings taken i m m e d i a t e l y af ter the r u n . The C o m ­
men t s column notes the v a r i o u s condi t ions , i . e . , b lower on, l igh t s and 
h e a t e r on, v e r t i c a l o b s t r u c t i o n s , and extent of over f i l l o r unde r f i l l d u r i n g 
the run. 



T a b l e X m . FARET C e l l Gas D i f f u s i o n S t u d y 

PROBE NO. H 

TAWK 

PROBE NO. 3 

ARGON 

INLET 

GAS INTERFACE 

MOVEMENT f t / h r 

CONSTANT VELOCITY 

4 

6 

8 

12 

16 

20 

VARIABLE V E L O C i r r 

1 2 - 1 ( 0 

1 2 - 1 ( 0 

16 - HO 

20 - W 

16 - HO 

20 - HO 

2 0 - HO 

2 0 - 4 1 . 6 

OXYGEN ANALYZER READING, v / o 

PROBE NO. 1 

0 

0 

0 

0 

0 

0 

0.3 

0.26 

0.16 

0.34 

0.38 

0.36 

0.46 

0.70 

PROBE NO. 2 

0.07 

0 

0 

0 

0 

0 

0.36 

0.27 

0.21 

0.37 

0.39 

0.38 

0.47 

0.70 

PROBE NO. 3 

1.25 

0.06 

0 

0 

0.05 

0.05 

0.39 

0.27 

0.28 

0.42 

0.39 

0.38 

0.47 

0.70 

PROBE NO. 4 

> 6 

4.12 

4.42 

0.24 

0. 10 

0. 10 

0.58 

0.51 

0.35 

0.79 

0.39 

0.38 

0.47 

0.70 

PROBE NO. 5 

>B 

> 6 

> 5 

>5 

2.76 

2.6 

2.89 

2.76 

1.75 

>5 

0.39 

0.38 

0.47 

0.70 

COMMENT 

H% OVER F I L L 

H% OVER F I L L 

NO. 5 RECORDER 3 . 4 

AFTER n% OVER F I L L 

i% OVER F I L L 

8 / . OVER F I L L 

F I R S T 3 f t . OF 

TANK AT 12 f t / h r 

BLOWER ON, 

AP = 0 . 3 2 " WG 

BLOWER ON, 

S% OVER F I L L 

BLOWER ON, 

10?. UNDER F I L L 

BLOWER ON, L IGHTS S 

HEATER ON, VERT OBS. 

BLOWER ON, LIGHTS S 

HEATER ON, VERT OBS. 

BLOWER ON, L IGHTS S 

HEATER ON, VERT OBS. 

BLOWER ON, LIGHTS i 

HEATER ON, VERT OBS. 
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Addit ional r u n s checked the i m p o r t a n c e of e s t a b l i s h i n g the s t i l l 
sec t ionof gas in the tank be fo re i n c r e a s i n g the flow. The t ank was f i l led at a 
flow equal to an in t e r f ace m o v e m e n t of 40 f t / h r and t i m e d for one c o m p l e t e 
vo lume . The gas mixed badly and t h e r e was no i n d i c a t i o n of an i n t e r f a c e . A 
dupl ica te run with a smoke-f i l led tank v e r i f i e d the l ack of an i n t e r f a c e . 

It i s concluded that by con t ro l l i ng flow and d i s t r i b u t i o n of the 
g a s , a r e l a t i ve ly s m a l l amount of diffusion and mix ing b e t w e e n g a s e s t a k e s 
p lace and a fair ly d i s t inc t i n t e r f ace e x i s t s . F u r t h e r m o r e , the e x i s t e n c e of 
a s t i l l gas a r e a fac i l i t a t es the filling of a g iven v o l u m e in a s h o r t e r p e r i o d 
of t i m e , a l lows a v e r y rap id i n t e r f ace m o v e m e n t , and r e d u c e s the fill t i m e 
which, in tu rn , r e d u c e s diffusion and p r o v i d e s a m o r e effect ive gas -chang ing 
p r o c e s s . 

The t e s t data ind ica te that a f ter a c h a n g e o v e r , the oxygen con­
cen t r a t i on in the cel l due to the r e m a i n i n g a i r m a y be of the o r d e r of a few 
p e r c e n t depending on the over f i l l of a r g o n a l lowed dur ing the t r a n s f e r . F u r ­
ther pur i f i ca t ion of the cel l a t m o s p h e r e f rom th i s l e v e l to s o m e point below 
100 ppm oxygen would be ach ieved by c i r c u l a t i o n of the g a s t h r o u g h a p u r i ­
f icat ion s y s t e m . 

An ana lys i s of the dynamic b e h a v i o r of a h y d r o g e n - c a t a l y t i c 
pur i f ica t ion s y s t e m was made to d e t e r m i n e the a p p r o x i m a t e t i m e r e q u i r e d 
to ach ieve oxygen l eve l s below 100 ppm in the ce l l . In t h i s s tudy , the a i r 
in leakage r a t e into the cel l was t aken to be 14 f t ' / d a y . Two p u r i f i c a t i o n -
c i r cu l a t i on r a t e s w e r e c o n s i d e r e d , 200 f t ' / m i n and 400 f t ' / m i n , and for each 
of t h e s e r a t e s 40, 20, and 10 ppm oxygen was a s s u m e d p r e s e n t in the r e t u r n 
gas f rom the pur i f i ca t ion s y s t e m . Comple t e and u n i f o r m mix ing of the r e ­
t u r n gas with the cel l gas was a l so a s s u m e d . The r e s u l t s of the a n a l y s i s 
a r e s u m m a r i z e d in Tab le XIV. 

Table XIV. F A R E T Cell A t m o s p h e r e P u r i f i c a t i o n Study 

O2 in Cel l 
In i t ia l ly , 

ft' (%) 

42 (0,1%) 
42 (0.1%) 

420 (1.0%) 
420 (1.0%) 

2100 (5.0%) 
2100 (5.0%) 

Pu r i f i c a t i on 
Ra te 

ft / m i n 

200 

4 0 0 

200 

4 0 0 

200 

4 0 0 

100 

10* 

8 
4 

16 

8 

2 2 

11 

Time 
p p m 

• to At t a in 

O2 L e v e l , 

20* 

8.5 
5 

18 

9 
24.5 
12 

h r 

4 0 * 

q 

6 

2 0 
in 
?a 
13 

"ppm O2 in pur i f i ca t ion r e t u r n s t r e a m . 
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b. In-cell Equipment Transfer . A prel iminary study was made to 
determine the feasibility of utilizing the fuel-transfer area for the transfer 
of equipment to or from the cell. Such a scheme appears to have meri t . 

The basic guide lines used in the study for equipment transfer 
are that (1) the cell containment cr i ter ia will be maintained, (2) purity of 
the argon atmosphere of the cell will be maintained, (3) the largest piece 
of equipment to be t ransfer red will be the reactor vessel head, including 
the integral control rod drive mechanisms, (4) radioactive contamination 
will be present, and (5) sodium contamination will be present. The use of 
a lock between the cell and fuel t ransfer tunnel (see Figure 8) appears to 
satisfy these requirements . The lock, 8 ft 6 in. in diameter by 5 ft deep, 
is comprised of a hinged internal cover and a bottom closure, the latter 
being made by a hydraulic hoist platform. For equipment which exceeds 
the depth of the lock, metal extensions to the bottom side of the cell would 
be used as a temporary part of the lock. The lock would be charged with 
argon so that equipment transfer may be made "without contaminating the 
argon atmosphere in the cell. 

EQUIPMENT PORT 

FUEL TBANSFER THOLLEf 

Figure 8. Preliminary Scheme of Equipment Transfer for FARET Cell 

The a t m o s p h e r e in the t r a n s f e r tunne l will be a i r . D e c o n t a m i ­
na t ion , m a i n t e n a n c e , and o t h e r funct ions can be p e r f o r m e d in th i s a r e a . 
The t r a n s f e r of equ ipmen t out of the t r a n s f e r tunne l to the bui lding f loor 
would be t h r o u g h a ce i l ing h a t c h . A t r o l l e y c a r t a r r a n g e m e n t would be u s e d 
to t r a n s f e r e q u i p m e n t wi th in the tunne l . 

Spent fuel will be t r a n s f e r r e d f r o m the fuel p o r t to and th rough 
the h a t c h by m e a n s of e i t h e r an E B R - I I - t y p e i n t e rbu i ld ing t r a n s f e r coffin 
o r an o f f - s i t e t r a n s p o r t coffin. New fuel wil l be i n t r o d u c e d t h r o u g h the fuel 
p o r t u s ing a new fuel t r a n s f e r c o n t a i n e r . 
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4. Component Development 

a Cel l P e n e t r a t i o n s . A des ign (see F i g u r e 9) for a s e a l e d , s t r a i g h t -

through c e l l T ^ ^ ^ ^ i T i n ^ ^ r i i r ^ e e n c o m p l e t e d . T h i s d e s i g n i n c o r p o r a t e s the 

use : u n d e r w a t e r or s u b m a r m e - t y p e e l e c t r i c a l cable^ It i s p l anned to 

f ab r i ca te a mockup and to check out the f eas ib i l i t y of the d e s i g n . 

. C O M P R E S S I O N 

SEAL 

• E L E C T R I C A L CABLE 

TRANSFER B A G " 

( P A R T I A L V I E W ) 

Figure 9. FARET Cell Penetration 

A s e c o n d d e s i g n c o n c e p t i s b a s e d o n t h e u s e of a s e a l e d , c u r v e d , 

c o n d u i t - t y p e c e l l p e n e t r a t i o n f o r i n - c o r e i n s t r u m e n t a t i o n l e a d s by m e a n s 

of u n d e r w a t e r o r s u b m a r i n e t y p e c a b l e , A s t u d y i s i n p r o g r e s s t o d e t e r m i n e 

t h e t y p e of s e a l p l u g s to b e u s e d . 

b . I n - c o r e I n s t r u m e n t a t i o n . T h e f u r n a c e d e s i g n f o r t e s t c o n d i t i o n s 

u p t o 650°C h a s b e e n c o m p l e t e d a n d t h e m a j o r c o m p o n e n t s o r d e r e d f r o m 

t h e s h o p s . 

T h e s p e c i f i c a t i o n s fo r t h e h i g h - t e m p e r a t u r e ( 2 8 0 0 ° C ) f u r n a c e 
n e e d e d t o d e v e l o p s e n s o r s t o d e t e r m i n e fue l p i n t e m p e r a t u r e h a v e b e e n 
p r e p a r e d . T h e p r o p o s e d t e s t p r o c e d u r e s w i l l c o n s i s t m a i n l y of d e t e r m i n i n g 
t h e p e r f o r m a n c e c h a r a c t e r i s t i c s a n d l o n g - t e r m s t a b i l i t y of t h e r m o c o u p l e s . 
O t h e r i n v e s t i g a t i o n s , h o w e v e r , w i l l i n c l u d e a s t u d y of t h e c o m p a t i b i l i t y of 
s e n s o r m a t e r i a l s w i t h f u e l s , t h e s t a b i l i t y of t h e e m f c h a r a c t e r i s t i c s of 
t h e r m o c o u p l e s a f t e r t e m p e r a t u r e c y c l i n g , a n d a n e v a l u a t i o n of m a t e r i a l 
p e r f o r m a n c e a t t h e s e v e r y h i g h t e m p e r a t u r e s . 
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5. Fuel Assembly Sodium Flow Test Facility 

A draft report of proposed procedures to install and operate a test 
loop for FARET fuel assemblies has been prepared. A major cause of 
concern has been the trouble encountered in resolving the resul ts of pipe 
s t r e s s calculations. 

This system is not unlike many other sodium loops that have been 
built. The arrangement of the facility in the deep pit of D-308 coupled with 
an operating procedure which excludes people from the pit while the pump 
is running provides adequate protection to people even in the unlikely event 
of a complete break of a sodium pipe under p r e s su re . 

6. CP-5 In-pile Experiment 

The vacuum system for the FARET In-pile Gas Gap Experiment 
(heat t ransfer in the fuel element) has been simulated and the vacuum con­
trol system installed for checkout. 

The variable leak rate valve (see P rogres s Report for March 1964, 
ANL-6880, p. 47) did not operate satisfactorily. The copper tubing work-
hardened and cracked after only a few hours of service. Second, the valve, 
representing a very high res is t ive element, caused the system response to 
be too slow. To improve the system performance, a needle valve was se ­
lected as the new control element and is being studied. 

The thermocouples to measure the clad temperature have been r e ­
ceived from the vendor. These thermocouples have a preformed tip of the 
so-called "Cut Spade" type. This design provides a strong attachment to 
the clad and gives the least e r r o r between the actual and indicated temper ­
ature of the clad surface. The original tip dimensions had to be modified 
slightly so that the vendor could manufacture them. The thermocouples for 
measuring the fuel t empera ture have not been received as yet. 

The assembly and wiring of the instrument console has been started. 
All equipment for this phase of the instrument requirements has been 
received. 
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III. GENERAL REACTOR TECHNOLOGY 

A. E x p e r i m e n t a l R e a c t o r and N u c l e a r P h y s i c s 

1. H igh -conve r s ion C r i t i c a l E x p e r i m e n t 

The co re now loaded in the High C o n v e r s i o n C r i t i c a l E x p e r i m e n t a l 
Fac i l i ty (ZPR-VII) has an a t o m r a t i o of 1.33 (H:U"^) and a v o l u m e r a t i o of 
0.44 (H2O/UO2). It is fueled with 3 w / o e n r i c h e d UO2, a s 0 . 9 4 - c m - d i a m e t e r 
pe l l e t s , loaded into e i ther 1 . 0 6 - c m - d i a m e t e r s t a i n l e s s s t e e l or a l u m i n u m 
tubing. The fuel rods a r e spaced in a g r i d having a 1.1 7 - c m t r i a n g u l a r pi tch. 
The c u r r e n t co r e h a s a height of 122 c m and h a s a c e n t r a l s t a i n l e s s s t e e l -
clad fueled zone, a p p r o x i m a t e l y 25 cm in d i a m e t e r , s u r r o u n d e d by an 
a l u m i n u m - c l a d fueled annu lus . Some c o r r e c t e d m e a s u r e m e n t s for a number 
of m i c r o - p a r a m e t e r s m a d e with th i s c o r e a r e shown in T a b l e XV. 

Table XV. M i c r o - p a r a m e t e r M e a s u r e m e n t s Made wi th 
the 2 5 - c m S t a i n l e s s S t e e l - c l a d C e n t r a l F u e l 
Zone Su r rounded by an A l u m i n u m - c l a d An­
nulus Fue led Zone 

M e a s u r e m e n t Va lue 

F i s s ion cadmium ra t io of U^'^-C25 

M e a s u r e d in fuel e l e m e n t 
M e a s u r e d in m o d e r a t o r 

Ratio of e p i - t o - s u b c a d m i u m f i s s ions , p^^ 

Ratio of b a r e U^^^ foil f i s s ions ( m o d e r a t o r / f u e l ) 

T h e r m a l d i sadvantage factor 

Capture cadmium ra t io of U^'^ (C28) (by 
d y s p r o s i u m subst i tu t ion) 1.10 ± 0.001 

Ratio of e p i - t o - s u b c a d m i u m c a p t u r e s , p ^̂  9.99 + 0.06 

2, 

2, 

0 

1, 

1. 

. 6 " 

.7 

.64 + 

,05 + 

, 10 

+ 

+ 

+ 

+ 

+ 

0. 

0. 

0. 

0. 

0. 

1* 

1 

0 3 * 

004* 

03 

* The s u p e r s c r i p t sign i n d i c a t e s the va lue c i ted i s e i t he r s l igh t ly 
l e s s (-) or sl ightly h ighe r ( + ) than shown. 

After the ba lance of the m e a s u r e m e n t s with t h i s c o r e a r e comple ted , 
t e m p e r a t u r e coeff icients of an a l l a l u m i n u m - c l a d c o r e wi l l be d e t e r m i n e d . 
Then a number of two-zone s y s t e m s in which the c e n t r a l zone wi l l be v e r y 
densely packed will be studied, and an a t t e m p t to a c h i e v e z e r o or nega t i ve 
buckling will be m a d e . F o r the d e n s e s t loading r e p o r t e d , wi th an a t o m i c r a t io 
m the fuel zone of 1:1 H / U " « , the buckl ing is s m a l l . It is not known, how­
ever , at what loading dens i ty the buckl ing wi l l be z e r o . The e x p e r i m e n t s 
will provide data which can be used to r e s o l v e the d i f f e r e n c e s be tween ex­
p e r i m e n t a l r e s u l t s and t h e o r e t i c a l p r e d i c t i o n s in th i s r eg i o n of i n t e r e s t 
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B. T h e o r e t i c a l R e a c t o r P h y s i c s 

1. O r t h o n o r m a l E x p a n s i o n of N e u t r o n S p e c t r a 

T h e e r r o r s e n s i t i v i t y of the o r t h o n o r m a l e x p a n s i o n m e t h o d s used 
in the a c t i v a t i o n c r o s s s e c t i o n s h a s b e e n e x p l o r e d . Quan t i t a t i ve e s t i m a t e s 
of p r o p a g a t i o n of e r r o r in the G r a m - S c h m i d t m e t h o d and l e a s t - s q u a r e s 
m e t h o d for the c h o s e n t e s t problem-^" 5 h a s been ob ta ined by i n t r o d u c i n g 
a r a n d o m n u m b e r g a m e . In th i s g a m e , one m o d i f i e s the c r o s s s e c t i o n s cij(e) 
a c c o r d i n g to the r u l e 

a i ( e ) ' = a i ( e ) ( l + 6^); i = 1, 2 . . . n, 

w h e r e 6j can a s s u m e only t h r e e v a l u e s : 

( l a ) 

&i ( lb) 

wi th A a p o s i t i v e c o n s t a n t r e p r e s e n t a t i v e of m a g n i t u d e of the e x p e r i m e n t a l 
e r r o r . 

Us ing the modi f i ed se t of c r o s s s e c t i o n s {Oj}, the o r i g i n a l c o m p u t a ­
t ions a r e r e p e a t e d , and the r e l a t i v e e r r o r 

En(A) = / iHn' 
•Jo 

( e ) - 0 ( e ) | d e (2) 

i s d e t e r m i n e d . If a suff ic ient n u m b e r of t r i a l s of th i s r a n d o m n u m b e r g a m e 
a r e e x e c u t e d , one c a n ob ta in e s t i m a t e s of the e r r o r which i s p r o p a g a t e d to 
the a p p r o x i m a t i o n s Hjj(e) , t ha t i s , for each t r i a l one d e t e r m i n e s Eji(A). F o r 
N such t r i a l s , one can find the m e a n v a l u e of the s a m p l e . En, a s we l l a s the 
s t a n d a r d dev ia t ion , Sn, of the s a m p l e . T h u s , if (En)i i s the va lue of En for 
the i th t r i a l , then 

N 

F I (En)i; (3a) 

N 

I E n ) i 

1/2 

( 3 b ) 

3Reactor Development Program Progress Report for October 1963, ANL-680], p. 41. 
''Reactor Development Program Progress Report for December 1963, ANL-6810, p. 27. 
5Reactor Development Program Progress Report for January 1964, ANL-6840, p. 53. 



38 

The m e a n E„ and s t a n d a r d dev ia t ion Sn have been d e t e r m i n e d for 
both the G r a m - S c h m i d t and l e a s t - s q u a r e s m e t h o d s in the r a n g e 
0.10 a A a 0.001, which c o r r e s p o n d s to an e x p e r i m e n t a l e r r o r r a n g e b e ­
tween ten p e r c e n t and one - t en th of a p e r c e n t for the c r o s s s e c t i o n s u t i l i zed 
in these computa t ions .^ The r e s u l t s of the r a n d o m n u m b e r g a m e a r e p r e ­
sen ted in Tab le s XVI and XVII for the G r a m - S c h m i d t and l e a s t - s q u a r e s 
method, r e s p e c t i v e l y . F o r each me thod the s e q u e n c e of c r o s s s e c t i o n s 
yielding the bes t fit of the f i s s ion s p e c t r u m w a s d e t e r m i n e d b e f o r e employ ­
ing the random number g a m e . The s ens i t i v i t y of t h e s e m e t h o d s to c r o s s -
sec t ion e r r o r is appa ren t . 

Table XVI, E^ and S„ for the G r a m - S c h m i d t Method 

S„ Sn S„ 

5 0,5837 0,1245 0,4830 0,0597 0,4582 0,0146 0,4550 0.00663 0,4550 0,00130 
6 0.5595 0,0921 0,4752 0,0494 0.4451 0,0105 0,4447 0,00517 0.4440 0,000990 
7 0.5494 0.0940 0,4299 0,0329 0,3994 0 ,00751 0 ,3980 0 ,00330 0 ,3978 0 ,000678 
8 0,7428 0.285 0.4892 0,151 0,3258 0,0218 0,3199 0,0106 0,3168 0.00210 
9 1,017 0,393 0,5867 0,199 0,3398 0,0365 0,3200 0,0164 0,3127 0,00348 

10 0.921 0,464 0,5258 0 1 9 1 0,2455 0,0314 0,2241 0,0146 0,2159 0.00217 

Table XVII E„ and S,̂  for the Leas t - squares Method 

i = 

En 

0,278 
1,807 
4 115 
3,855 
4 ,047 

0,10 

Sn 

0 ,0762 
1,285 
2 ,610 
2 ,654 
2 ,860 

fl = 0 

En 

0 ,2011 
0 ,9160 
2 ,066 
1,933 
2 ,026 

,05 

Sn 

0 ,0378 
0 ,6333 
1,305 
1,325 
1,430 

fl = 

En 

0 ,1664 
0 ,393 
0 844 
0 ,783 
0 ,818 

0,02 

Sn 

0 ,0104 
0 ,238 
0 ,520 
0 ,527 
0 ,572 

fl = 

E n 

0 ,162 
0 , 2 3 3 
0 444 
0 ,404 
0 ,420 

0 ,01 

Sn 

0 , 0 0 4 9 6 
0 , 1 0 5 
0 , 2 5 8 
0 ,259 
0 , 2 8 5 

fl = 0 , 0 0 5 

E n 

0 , 1 6 0 5 
0 1661 
0 2 5 0 

0 219 
0 ,226 

s„ 

0 , 0 0 2 2 3 
0 , 0 4 3 9 
0 1287 
0 125 
0 142 

fl = 0 

E n 

0 , 1 6 0 4 
0 1387 
0 , 1 0 8 3 

0 , 0 8 2 9 
0 , 0 8 2 4 

,001 

Sn 

0 , 0 0 0 4 8 3 
0 , 0 0 7 7 4 
0 ,0267 
0 ,0186 
0 ,0299 

2. Computat ion of New 2 2 - g r o u p C o n s t a n t s for F a s t R e a c t o r Ca l cu l a t i ons 

An i n t e r i m set of 2 2 - g r o u p cons t an t s for fas t r e a c t o r c a l c u l a t i o n s 
has been p r e p a r e d based on r e c e n t m i c r o s c o p i c c r o s s - s e c t i o n da t a . A l ­
though not yet in the final s tage of r e f inemen t , the c o n s t a n t s have been used 
for a va r i e ty of fas t r e a c t o r c a l c u l a t i o n s , including ex i s t ing c r i t i c a l e x p e r i ­
men t s as well as l a r g e conceptua l s y s t e m s capab l e of up to - 1 0 0 0 MWe 
output. 

In addit ion, the cons t an t s a l s o p e r m i t i n e l a s t i c s c a t t e r i n g to s ix t een 
g roups of lower energy . Twelve g r o u p s have ac tua l ly been u s e d in p r e ­
l im ina ry a n a l y s e s . Six to eight g r o u p s w e r e f r equen t ly used to d e s c r i b e 
ine las t i c s ca t t e r i ng in p rev ious c o m p i l a t i o n s . The b a s i c g r o u p s t r u c t u r e 
was chosen to afford a neu t ron ene rgy d i s t r i b u t i o n a p p l i c a b l e to the p r o b l e m s 
of c u r r e n t i n t e r e s t , including those s y s t e m s with capab i l i t y of -1000 MWe 
The lower energy boundary of the lowes t ene rgy g r o u p is 30 eV 
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Pre l iminary analyses made with these constants show that predicted 
cri t icali ty is not very much different from predictions with previously pub­
lished multigroup compilations. However, spectral predictions and related 
reactivity effects a re somewhat different from predictions based on previous 
compilat ions." '^ In part icular , predicted fission cross section ratios and 
prompt neutron lifetime appear to be in better agreement with experimental 
resul t s . The number of predicted fission and capture events below 9 keV 
appear to be larger than previously predicted. The latter " spectral index" is 
quite significant in predicting the Doppler coefficient of reactivity in many 
systems of interest . 

3. Calculated ZPR-III Prompt-neutron Lifetime by l /v Material Insertion 

Multigroup analyses of prompt-neutron lifetime of ZPR-III fast c r i ­
tical assembl ies have been often calculated by simulating the insertion of a 
small amount of l /v absorber throughout the core and reflector regions. 
Generally, this fictional l / v absorber is assumed to augment only the ab­
sorption proper t ies of the regions and not the t ransport proper t ies . The 
fractional change in lifetime, if the t ransport c ross section is also simul­
taneously augmented, has been calculated for a few ZPR-III assemblies: 
Nos. 14, 22, 23, and 32, which represent U^^^-fueled systems with graphite, 
U , aluminum and stainless steel diluents, respectively. In all cases a 
30-cm-thick, high-density, U"^^-containing reflector was used. The resultant 
ratios of lifetimes by l / v augmentation of both t ransport and absorption 
cross sections relat ive to only l /v absorption augmentations are: 0.988, 
0.991, 0.984, and 0.984, respectively, for the four assemblies . 

4. Relative Calculations of Prompt-neutron Lifetimes for Reflected and 
Bare ZPR-III Core Compositions 

The effect of the 30-cm-thick, high-density reflector upon the 
prompt-neutron lifetime, i p , of a corresponding bare system has been cal­
culated by the l / v insert ion method for the previously described ZPR-III 
case Nos. 14, 22, 23, and 32. The relative ratios of £p for the reflected to 
the bare systems are : 1.04, 1.10, 1.22, and 1.15, respectively, for these 
systems. 

5. ZPR-VII Data Analysis 

New vers ions of U^'^ and U^" c ross sections, on l ibrary tape supplied 
by Hanford, have been added to the GAM-I-l ibrary. These cross sections 
differ from the old GAM-I vers ions in the values of cr̂ ,. Of, and vof, and in 
the U^̂ ^ resonance pa rame te r s . The use of the new U^'^ and U^̂ ° tapes in the 
case of the Hi-C square 1.24-cm Al-clad lattice reduced reactivity by about 

6s. Yiftah, D. Okrent, and P. A. Moldauer, Fast Reactor Cross Sections -
A Study Leading to a Sixteen-Group Set, Pergamon P r e s s , New York 
(I960). 

7 G . E . Hanson and W. H. Roach, Six and Sixteen Group Cross Sections 
for Fast and Intermediate Critical Assemblies , LAMS-2543 (1961). 
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3% f rom the c a s e w h e r e the o r i g i n a l v a l u e s w e r e u sed . The u s e of the new 
v e r s i o n r e d u c e s much of the d i s c r e p a n c y which e x i s t s b e t w e e n t h e o r y and 
e x p e r i m e n t ( see the R e a c t o r D e v e l o p m e n t P r o g r a m P r o g r e s s R e p o r t , 
ANL-6808 and ANL-6810 , N o v e m b e r and D e c e m b e r 1963, r e s p e c t i v e l y ) . 

6. Tota l Neu t ron C r o s s Sec t ions 

A F o r t r a n code is being w r i t t e n to d e t e r m i n e B r e i t - W i g n e r s i n g l e -
level r e s o n a n c e p a r a m e t e r s f r o m e x p e r i m e n t a l da t a on to ta l c r o s s s e c t i o n s 
at v a r i o u s e n e r g i e s . In i t ia l g u e s s e s a r e m a d e on the va lue of r e s o n a n c e 
p a r a m e t e r s and a l e a s t - s q u a r e s fit i s m a d e to i m p r o v e on the in i t i a l v a l u e s . 
C r o s s - s e c t i o n con t r i bu t ions f r o m po ten t i a l s c a t t e r i n g and the t a i l s of r e s o ­
nances outs ide the ene rgy r a n g e u n d e r c o n s i d e r a t i o n a r e kept c o n s t a n t 
throughout the c a l c u l a t i o n s . Angu la r m o m e n t a H - 0, 1, and 2 a r e a l lowed. 
Since the code is des igned to fit da ta in the keV r e g i o n a s d e t e r m i n e d f rom 
m e a s u r e m e n t s m a d e with the Van de Graaff fac i l i ty , D o p p l e r e f fec ts for the 
r e s o n a n c e s under study a r e qui te neg l ig ib l e and r e s o l u t i o n effects a r e sma l l . 

Tes t p r o b l e m s have been r u n for which the " e x p e r i m e n t a l " c r o s s 
sec t ions w e r e compu ted by a p r e l i m i n a r y F o r t r a n code . The c a l c u l a t e d 
r e s o n a n c e p a r a m e t e r s c o n v e r g e d r ap id ly to the c o r r e c t v a l u e s for t h e s e 
p r o b l e m s . At p r e s e n t the code is be ing modi f i ed to inc lude e s t i m a t e s of 
the e r r o r s in the d e r i v e d r e s o n a n c e p a r a m e t e r s , which a r e of c o n s i d e r a b l e 
i n t e r e s t when ac tua l e x p e r i m e n t a l c r o s s s e c t i o n s a r e being fit. 

7. N u m e r i c a l A n a l y s i s 

One of the m o s t convenien t m e t h o d s of r e p r e s e n t i n g m a t h e m a t i c a l 
functions for use in d ig i t a l c o m p u t e r s i s by s t o r i n g the coe f f i c i en t s of the i r 
expansion in Chebyshev p o l y n o m i a l s . T h i s r e p r e s e n t a t i o n is n u m e r i c a l l y 
s t ab le and m a y be used to a p p r o x i m a t e the funct ion to any d e s i r e d a c c u r a c y 
up to the m a x i m u m a v a i l a b l e . 

F o r app rox ima t ing the n a t u r a l l o g a r i t h m ove r the r a n g e l /yRT £ x £ V/RT 
an expansion of the f o r m 

N 

I 
k = o 

^ " ' ^ ^ ^ Z C2kT2k(y) 

w h e r e y = (x - 1 ) / s ( x + 1 ) and s i s s e l e c t e d so that y ( v ^ ) = 1, h a s b e e n 
found to be m o r e efficient than o the r popu l a r e x p a n s i o n s . F o r R = 2 and 
N = 12, the m a x i m u m r e l a t i v e e r r o r i s l e s s than 0.5 x lO"^*; for R = 10, 
and N = 24 the s a m e a c c u r a c y is ob ta ined . T a b l e s of the coe f f i c i en t s for 
t h e s e two va lues of R a c c u r a t e to 28 d e c i m a l p l a c e s h a v e b e e n c o m p u t e d 
on the IBM-1620 c o m p u t e r . 
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C. High-temperature Materials Development 

1. Resistance to Corrosion by Lithium 

Molybdenum, tantalum, niobium, and tungsten, as well as their alloys, 
are generally considered as potential containment mater ia ls for high-
temperature lithium. However, little information is available pertinent to 
corrosion and solubility of these mater ia ls above 1000°C. Accordingly a 
program is being conducted to gain basic knowledge of the behavior of these 
mater ia ls on exposure to the liquid and vapor phases of lithium. 

High-temperature, liquid-metal testing techniques have been devel­
oped, and capsules for the study of the corrosion and solubility of molyb­
denum, tantalum, and niobium have been prepared from high-purity a r c -
melted rod stock. They a re loaded with lithium in an inert atmosphere and 
are vacuum-sealed by electron-beam welding. 

One of the molybdenum capsules containing lithium has been tested 
for 100 hr in a vacuum (10" torr) furnace at 1000°C. No lithium leakage 
developed during the test period, but there was a slight, nonuniform dis­
coloration of the external surface of the capsule. This capsule is now be­
ing prepared for chemical and metallographic analyses. Similar tests are 
being conducted with capsules of other mater ia ls . 

2. Thorium and Thorium-base Fuels 

a. P roper t i es . In the core-blanket region of a reactor in which 
thorium-232 is used, a chain of nuclear reactions takes place in whichneutron 
irradiation first converts thorium-232 to thorium-231 by an (n, 2n) mechan­
ism, and the thorium-231 decays by beta emission to protactinium-231; 
neutron adsorption converts the protactinium-231 to protactinium-232, and 
this decays by beta-emission to uranium-232; further neutron absorption 
converts the uranium-232 to highly fissile uranium-233. A valuable nuclear 
fuel is thus produced from thorium, which is relatively abundant; but the 
complicated chain of reactions leads to intermediate products and to many 
byproducts that complicate the propert ies and reactor behavior of both the 
thorium and the uranium. 

In addition, some of the values of propert ies reported for thorium 
were obtained with samples that were produced before large-scale thorium-
refining techniques were sufficiently advanced, and many alloys of thorium 
have never been thoroughly investigated. Work is therefore under way to 
study the physical and mechanical propert ies of thorium and its alloys, as 
well as the fabricating charac ter is t ics and reactor behavior of these 
mater ia l s . 
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Chemical analyses of the best grades of thorium available in this 
country have been completed and their lattice paramete rs measured. 
Crystal-bar thorium supplied by Metal Hydrides, Inc. is low in hydrogen, 
carbon, and nitrogen, but high in oxygen and iron (see Table XVIII). 
Electron-beam-melted thorium, represented by a button made specially 
for this investigation by the Ames Laboratory through the courtesy of 
F. H. Spedding and D. T. Peterson, is very low in oxygen, but high in nitro­
gen, tantalum, and tungsten. This circumstance enabled us to determine 
the effect of oxygen on the lattice parameter of heat- t reated specimens. 
The lattice parameter of thorium increases with impurity content, temper­
ature and duration of heat treatment, and subsequent cooling conditions. 
Specifically, the lattice parameter increases with the interstit ially dis­
solved impurity content. That part of the la t t ice-parameter increase, 
however, that is due to the oxygen contamination can be reversed by taking 
the oxygen out of solution with a subsequent heat t reatment (see Tables XIX 
and XX). The low-oxygen Ames thorium, which did not show this revers i ­
bility, had the same lattice parameter after various heat treatments (see 
Table XXI). 

Table XVIII. Composition of High-purity Thorium 

N o . 

B794 

B772 
B828 

B839 

M a t e r i a l 

C r y s t a l Bar 
Lab. I 
Lab, II 

C r y s t a l Bar , A r c - m e l t e d 
Ini t ia l Condit ions 
Improved Condit ions 

A m e s Thor ium, E l e c t r o n -
b e a m Melted 

A l 

< 2 0 

7 

15 

< 4 

C u 

4 

< 5 

5 

< 5 

Metal l ic 

F e 

80 

30 

15 

10 

N b 

n d 

n d 

n d 

20 

: Imp 

Si 

8 

10 

16 

7 

u r i t i e s * 

T a 

n d 

n d 

n d 

2 0 0 

W 

n d 

n d 

n d 

2 1 0 

Z r 

n d 

10 

5 

1 

Inti 

H 

14 

1 

0 , 3 

er s t i t 

C 

7 

2 7 

7 

2 

i a l 

130 

I m p u r i t i e s 

N O 

5 45 

(30) 39 
4 88 

to 175 6 

Table XIX. Effect of Heat Treatment on Lattice Parameter 
of Crystal-bar Thorium 

Mo, 

1 

2 

3 

4 

5 

5 

T e m p e r a t u r e , ' 

As R. 

7 0 0 

7 0 0 

9 0 0 

9 0 0 

Subsequent ly 
900 

Heat 

' C 

eceive 

T r e a t m e n t 

T i m e , 

d 

2 

2 

2 

2 

2 

h r Cooling 

F u r n a c e Cooled 

Oil Quenched 

F u r n a c e Cooled 

Oil Quenched 

Lattice Parameter , ao. 
A 

5,0840 

5,0842 

5.0848 

5.0855 

5.0857 

5.0851 
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Table XX. Effect of Heat Treatment on Lattice Parameter 

Jo. 

1 

2 

3 

3 

ilo. 

1 

2 

3 

T e m p e r a t u r e , °C 

700 

700 

700 

Subsequently 
700 

Table XXI. 

T e m p e r a t u r e , °C 

500 

9 0 0 

9 0 0 

of A r c - m e l t e d C r y s t a l - b a r Thor ium 

Heat T r e a t m e n t 

Time 

2 hr 

2 hr 

3 wk 

2 hr 

Effect of Heat T 

Cooling 

Fu rnace Cooled 

Oil Quenched 

Water Quenched 

Furnace Cooled 

r ea tmen t on Lat t ice 
of High-pur i ty Ames Thor ium 

Heat T r e a t m e n t 

T ime , h r 

0 . 5 

2 

2 

Cooling 

Furnace Cooled 

Furnace Cooled 

Water Quenched 

Lattice •• P a r a m e t e r , ao, 
A 

5.0865 

5.0887 

5.0897 

5.0871 

P a r a m e t e r 

Lattice P a r a m e t e r , ao, 
A 

5.0857 

5.0863 

5.0861 

The r o o m - t e m p e r a t u r e l a t t i c e p a r a m e t e r of the h i g h e s t - p u r i t y 
t h o r i u m is 5.0840 ± 0.0001 A. I ts t h e o r e t i c a l dens i ty i s 11.728 g /cm^ , in 
a g r e e m e n t with the b e s t l i t e r a t u r e v a l u e s . 

The da ta s u g g e s t s t r ong ly tha t genuine ly h i g h - p u r i t y t h o r i u m 
m a y be p r e p a r e d by a combina t i on of the i o d i d e - d e c o m p o s i t i o n p r o c e s s 
(Meta l H y d r i d e s ) wi th s u b s e q u e n t e l e c t r o n - b e a m me l t i ng (Ames p r o c e s s ) . 

3. I r r a d i a t i o n of T h o r i u m - b a s e F u e l s 

An i n s t r u m e n t e d c a p s u l e , d e s i g n e d to eva lua t e the i r r a d i a t i o n b e ­
h a v i o r of r e f r a c t o r y - a l l o y - c l a d tho r ium-uran iu . -n and t h o r i u m - u r a n i u m -
p lu ton ium fuel a l l o y s , h a s b e e n i n s e r t e d in a v e r t i c a l t h imb le in the C P - 5 
r e a c t o r . T e m p e r a t u r e c o n t r o l of the s p e c i m e n s is a t t a i n e d by flowing a 
g a s of v a r i a b l e c o m p o s i t i o n t h r o u g h a 0 . 1 3 - m m - t h i c k annu lus be tween the 
s p e c i m e n c o n t a i n e r and the o u t e r s e a l tube . H e l i u m and n i t r o g e n can be 
s e l e c t i v e l y u s e d or p r o p o r t i o n a t e l y m i x e d to p r o v i d e the d e s i r e d t h e r m a l 
conduc t iv i ty of the annu lus which, in t u r n , c o n t r o l s the s p e c i m e n t e m p e r a ­
t u r e s . T h i s m e t h o d of t e m p e r a t u r e c o n t r o l h a s been s u c c e s s f u l in the MTR 
r e a c t o r for i r r a d i a t i o n of fu l l - l eng th E B R - I I fuel p ins . 

S o m e of the M T R c a p s u l e s w e r e o b s e r v e d to be s u s c e p t i b l e to t e m ­
p e r a t u r e f luc tua t ions a s a function of the h e l i u m flow r a t e . The C P - 5 c a p s u l e 
d o e s not show th i s c h a r a c t e r i s t i c . Howeve r , by v a r y i n g the r a t i o of h e l i u m 
to n i t r o g e n , t e m p e r a t u r e c o n t r o l of the s p e c i m e n s can be m a i n t a i n e d over a 
r a n g e of 300°C. 
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The fuel s p e c i m e n s , a l l c lad in Nb-1 w / o Zr tubing, a r e 50 m m in 
length and 3.66 m m in d i a m e t e r . The fuel a l l o y s a r e T h - 3 5 w / o Pu , 
Th -20 w / o U-20 w / o Pu , and T h - 2 0 w / o U. The c l a d d i n g s h a v e a wa l l th ick­
n e s s d imens ion of 0.38 m m and an i n s i d e d i a m e t e r of e i t he r 3.96 m m or 
6.52 m m . The pins a r e NaK bonded to the c lad but o t h e r w i s e u n r e s t r a i n e d . 

The s p e c i m e n s a r e i n s t a l l e d in the c a p s u l e in t a n d e m , tha t i s , one 
is p laced d i r e c t l y above the o t h e r . In o r d e r to b a l a n c e the h e a t g e n e r a t i o n 
of the capsu le to the flux p rof i l e wi th in the fuel tube , s p e c i m e n s having the 
h ighes t c o n c e n t r a t i o n of f i s s i l e m a t e r i a l w e r e p l a c e d a t the e x t r e m e ends 
of the s p e c i m e n c h a m b e r . 

The m a x i m u m s p e c i m e n t e m p e r a t u r e i s be ing m a i n t a i n e d a t 740°C. 
The m a x i m u m cladding t e m p e r a t u r e i s 550°C. 

4. Disso lu t ion Kine t i c s in Liquid M e t a l s 

The d i s so lu t ion k i n e t i c s of Type 304 s t a i n l e s s s t e e l (SS) in 58 w / o 
b i smu th -42 w / o t in eu tec t i c a l loy a r e unde r i n v e s t i g a t i o n to e v a l u a t e the 
potent ia l c o r r o s i o n p r o b l e m of 304 SS in the E B R - I I r o t a t i n g s e a l by the 
low-mel t ing eu tec t i c a l loy . The p r e s e n t w o r k h a s a l s o b e e n usefu l in e s t a b ­
l ishing e x p e r i m e n t a l t e chn iques to be u s e d in d e t e r m i n i n g the d i s s o l u t i o n 
k ine t i c s of r e f r a c t o r y m e t a l s in a n u m b e r of l iquid m e t a l s . 

The e x p e r i m e n t a l me thod c o n s i s t s of i m m e r s i n g a 304 SS d i s c , 
6.08 cm in d i a m e t e r and 0.294 c m thick, in 500 cm^ of B i - S n e u t e c t i c a l loy. 
The d i sc i s r o t a t e d at a c o n s t a n t a n g u l a r ve loc i t y and the l iqu id i s s a m p l e d 
at t e m p e r a t u r e a s a function of t i m e . The B i - S n s a m p l e s a r e a n a l y z e d for 
i ron , c h r o m i u m , n icke l , and m a n g a n e s e by the s p e c t r o g r a p h i c m e t h o d to ­
ge the r with spec ia l ly p r e p a r e d s t a n d a r d s . In add i t ion to the s o l u t i o n - r a t e 
data, m a t e r i a l so lubi l i ty da ta for the F e , C r , Ni , and Mn in the e u t e c t i c al loy 
have been obta ined for t i m e s up to 100 h r a t t e m p e r a t u r e s of 860, 650, and 
450°C. 

The ro ta t ion speed of the d i s c h a s been r e d u c e d f r o m 100 r p m to 
10 r p m at t e m p e r a t u r e s of 860 and 650°C to d e t e r m i n e the effect of ve loc i ty 
on the d i s so lu t ion p r o c e s s . The B i -Sn s a m p l e s ob ta ined at the l o w e r r o t a ­
t ional speeds a r e being a n a l y z e d a t the p r e s e n t t i m e . 

Disso lu t ion data ob ta ined u n d e r the w e l l - d e f i n e d h y d r o d y n a m i c flow 
condi t ions p roduced by the g e o m e t r y of the r o t a t i n g - d i s c s a m p l e c a n be c o m ­
p a r e d with ca l cu l a t ed l i q u i d - d i f f u s i o n - c o n t r o l l e d d i s s o l u t i o n r a t e s (for r o t a t ­
ing d i s c s ) to give ins igh t into the d i s s o l u t i o n m e c h a n i s m . The r e s u l t s and a 
de ta i l ed d i s c u s s i o n of the h y d r o d y n a m i c s of the s y s t e m wi l l be p r e s e n t e d 
af ter the data f rom the l a t e s t d i s s o l u t i o n r u n s a r e a n a l y z e d . 
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5. Elast ic Moduli of High-temperature Materials 

To measure the tempera ture dependence of the elastic moduli of 
mater ia l s which show promise in h igh- temperature reactor applications, 
a vacuum furnace has been constructed in which solid bar-shaped samples 
will be mounted. Pulsed ultrasonic waves will be propagated along the length 
of these samples, and the t ransi t t imes of pulses passing a heated, indexed 
region in each bar will be measured. The indexing is done by machining 
one end to a smal ler diameter than the res t of the bar. 

The velocity of sound in the indexed region can then be calculated 
by knowing the length of this region and the transi t t ime. Both shear wave 
velocities (Vg) and longitudinal velocities ( V L ) a re determined. Poisson 's 
ratio can be calculated by means of the formula 

7 ( V L A S ) ' - 1 

( V L / V S ) ^ - I • 

Young's modulus can be calculated from 

Vi^p(l+ o ) ( l - 2 a ) 
E = , 

1 - a 

where p is the density of the mater ia l . 

A stainless steel rod, mounted in the vacuum furnace, was heated 
from room tempera ture to 800°C. A quartz transducer was mounted on the 
cool end of the rod, and ultrasound oscillating at 5 Mc/sec was propagated 
into it. The appropriate echoes could be followed and identified throughout 
the heating. The purpose of this test was not to measure transi t t imes, but 
only to see how the sound pattern would behave as the sample was heated. 

The main concern at this time is the reduction of the temperature 
gradient in the specimen. With the sample immersed into the furnace as 
far as it would go (i.e., as much of the bar heated as possible), observations 
were made of the tempera ture differences, which ranged from zero to a 
maximum of 15°C. In an attempt to reduce this gradient, the heating wind­
ings of the furnace a re being rearranged. 

In order to determine VL and Vg, one could measure the transi t t imes 
in the indexed region by two separate heating runs, one with a longitudinal 
wave-generat ing- t ransducer , the other with a shear t ransducer , A composite 
t ransducer , made of both longitudinal and shear t ransducers , might be used 
instead. A much more satisfactory way would be to measure the longitudinal 
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veloc i ty and the de lay t i m e be tween the s o - c a l l e d t r a i l i n g p u l s e s , wh ich a r e 
g e n e r a t e d by v i r t u e of the wavegu ide n a t u r e of the rod . The de lay b e t w e e n 
the se p u l s e s i s a function of the s h e a r wave ve loc i ty ; the c o m p l e t e m e a s u r e ­
men t could be done in one hea t ing run wi th one t r a n s d u c e r . 

The ve loc i ty and de lay t i m e that m u s t be m e a s u r e d a r e t h o s e p e r t a i n ­
ing to the s m a l l - d i a m e t e r s ec t i on of the rod . Unfor tuna te ly , the de lay s igna l s 
f rom the long length of l a r g e - d i a m e t e r s ec t i on o b s c u r e t h o s e f r o m the s h o r t 
length of the thin sec t ion . It h a s been s t a t e d in the l i t e r a t u r e tha t t h r e a d i n g 
the su r f ace of the b a r wi l l c a u s e the d e l a y e d p u l s e s to be e l i m i n a t e d . Recen t 
e x p e r i e n c e in th i s L a b o r a t o r y i n d i c a t e s that s i m p l e t h r e a d i n g of the rod does 
not in a l l c a s e s e l i m i n a t e the de l ayed p u l s e s . S ince th i s p r o b l e m is of some 
i m p o r t a n c e to the study of m o d u l u s m e a s u r e m e n t s at h igh t e m p e r a t u r e s , it 
wi l l be the sub jec t of f u r t h e r s tudy. 

A 2. 5 - c m - d i a m e t e r b a r of t ungs t en that had b e e n p r e s s e d , s i n t e r e d , 
and swaged suppor t ed sound w a v e s v e r y wel l , wi th a r e m a r k a b l y low a t t enu ­
at ion. A 1 . 2 - c m - d i a m e t e r , 5 8 - c m - l o n g t u n g s t e n rod w a s a l s o e x a m i n e d ; 
echoes to 1125 /isec de t ec t ed a t 5 M c / s e c , c o r r e s p o n d i n g to 580 c m of t r a v e l . 
The p a r a m e t e r s of i n t e r e s t in the 2. 5 - c m - d i a m e t e r t u n g s t e n rod w e r e 

Longi tudina l wave ve loc i ty : (5.100 ± 0.005) x 10^ c m / s e c 
Shear wave ve loc i ty : (2.802 ± 0.003) x 10^ c m / s e c 
P o i s s o n ' s r a t i o : 0.2838 ± 0.0008 
Young 's modu lus : (3.87 ± 0.03) x lO'^ d y n e / c m ^ . 

D. Other R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 

1. Z i r c o n i u m Al loys 

a. C o r r o s i o n in S u p e r h e a t e d S t e a m 

(i) Alloy Modif ica t ion . Z i r c o n i u m a l l o y s tha t a r e c o r r o s i o n 
r e s i s t a n t in s u p e r h e a t e d s t e a m have been sub jec t to s u r f a c e e m b r i t t l e m e n t 
a s s o c i a t e d with oxygen a b s o r p t i o n r e s u l t i n g f r o m e x p o s u r e to s t e a m at 650°C. 
A reduc t ion of the oxygen a b s o r p t i o n - a n d - d i f f u s i o n r a t e is be ing sought by 
i m m o b i l i z a t i o n of the m e t a l s t r u c t u r e t h r o u g h a d d i t i o n a l a l loy ing c o m p o n e n t s . 
In c u r r e n t t e s t s a l loys b a s e d on e i t he r c r y s t a l - b a r z i r c o n i u m or the Z r -
1.1 w / o C u - 1 . 5 w / o F e a l loy w e r e m a d e that con ta ined 9 to 22 w / o Be , 32 w / o Si, 
or 44 w / o Si. T h e s e a l l oys w e r e h o m o g e n i z e d by l e v i t a t i o n m e l t i n g and w e r e 
then exposed to deoxygena ted s t e a m ( s t a t i c , r e f r e s h e d cond i t i ons ) a t 650°C 
and 42.2 k g / c m ^ (600 psi) for p e r i o d s of up to t h i r t e e n d a y s . 

P e t e r s o n , R. C , M e c h a n i c a l V i b r a t i o n s in Solid Rods , A N L - 6 5 1 5 
pp. 133-161 . • 



47 

Although none of the s a m p l e s had s a t i s f a c t o r y c o r r o s i o n r e s i s t ­
ance , d i f f e r e n c e s in b e h a v i o r w e r e g r e a t enough to i n d i c a t e the pos s ib i l i t y 
of a c h i e v i n g both the d e s i r e d d e g r e e of m i c r o s t r u c t u r a l s t ab i l i z a t i o n and 
s a t i s f a c t o r y r e s i s t a n c e to c o r r o s i o n . The b e s t a l l o y s w e r e b a s e d on Z r -
1.1 w / o C u - 1 . 5 w / o F e and w e r e r e l a t i v e l y low in b e r y l l i u m content . F o r 
e x a m p l e , the a l loy con ta in ing 9 w / o Be had a d a r k , a d h e r e n t c o r r o s i o n p r o d ­
uct , w a s f r e e of b l i s t e r a t t a c k , and had a to ta l we igh t gain of 27 m g / c m ^ . 
Other a l l oys c r a c k e d o r d i s i n t e g r a t e d into v a r i o u s n u m b e r s of p i e c e s . 

(ii) E l e c t r i c a l M e a s u r e m e n t s . An e l e c t r i c a l s tudy of t h e r m a l l y 
p r o d u c e d ions n e a r s u r f a c e s in l o w - p r e s s u r e g a s e o u s e n v i r o n m e n t s a t 500 
to 750°C h a s con t inued ( s e e P r o g r e s s R e p o r t for M a r c h 1964, A N L - 6 8 8 0 , 
p. 55). T h e s e ions have b e e n p r e v i o u s l y r e l a t e d hypo the t i ca l ly with h y d r o g e n -
a b s o r p t i o n p h e n o m e n a in s u p e r h e a t e d - s t e a m c o r r o s i o n . 

P l a t i n u m and s t a i n l e s s s t e e l s u r f a c e s and p r e c o r r o d e d z i r c o n i u m 
al loy e l e c t r o d e s have b e e n e m p l o y e d in r e c e n t t e s t s . It i s evident f rom the 
r e s u l t s tha t ( l ) f r e e - i o n effects a r e not l i m i t e d to z i r c o n i u m a l l o y s ; (2) m o d i ­
f ica t ion of the e n v i r o n m e n t by inc lud ing a i r m a r k e d l y i n c r e a s e s the conduc­
t ivi ty of the e n v i r o n m e n t n e a r s u r f a c e s , a t a g iven lov/ p r e s s u r e ; and (3) the 
v o l u m e l e a k a g e of the m i c a i n s u l a t o r s employed in the hot zone of the t e s t 
a p p a r a t u s w a s a p p r e c i a b l e but insuf f ic ien t to a c c o u n t for the ef fects , which 
w e r e r e p r o d u c e d qua l i t a t i ve ly in the a b s e n c e of h o t - z o n e i n s u l a t o r s . 

2. F e r r o u s and Nicke l A l loys 

a. C o r r o s i o n in S u p e r h e a t e d S t e a m . The 18 p e r c e n t c h r o m i u m , 8 p e r ­
cent n i cke l t ypes of a u s t e n i t i c s t a i n l e s s s t e e l s do not r e s i s t c o r r o s i o n by s u p e r ­
hea t ed s t e a m a s w e l l a s do s o m e of the s t r a i g h t - c h r o m i u m s t a i n l e s s s t e e l s 
(such a s Type 406) or a s we l l a s do the h i g h e r - n i c k e l a l loys ( such a s Incoloy 
800 o r v a r i o u s Incone l a l l o y s ) inc luding an a l u m i n u m - m o d i f i e d Incoloy. The 
effects on c o r r o s i o n b e h a v i o r of changing the t e m p e r a t u r e or p r e s s u r e of 
the s t e a m , or of modifying a l loy compos i t i on , a r e not we l l known in a l l 
i n s t a n c e s . The c o r r o s i o n b e h a v i o r in s u p e r h e a t e d s t e a m of the r e l a t i v e l y 
c o r r o s i o n - r e s i s t a n t f e r r o u s a l l oys is t h e r e f o r e being i nves t i ga t ed in de t a i l . 

R e f r e s h e d s t a t i c t e s t s a r e being c a r r i e d out a t 750°C and 42 k g / 
cm^ (30 ppm of oxygen) . D e f i l m e d - m e t a l l o s s e s d e t e r m i n e d up to now a r e 
r e p o r t e d in T a b l e XXII. 

Incoloy 800 modi f ied wi th v a r i o u s a m o u n t s of a l u m i n u m is being 
t e s t e d a t 650°C and 42 k g / c m ^ in flowing ( 6 1 - m / s e c ) s t e a m conta in ing 30 ppm 
of oxygen and 3.8 p p m of h y d r o g e n . The s a m p l e s have not been def i lmed for 
the m o r e r e c e n t i n s p e c t i o n s (56 days of e x p o s u r e ) , but the weight ga ins for 
the m a t e r i a l con ta in ing 3.8 w / o of a l u m i n u m sugges t a c o r r o s i o n r a t e tha t i s 
v e r y low. 
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Tab le XXII. C o r r o s i o n in S t e a m a t 750°C and 42 k g / c m ' 

Meta l L o s s , mg/cm^, a f t e r 

Alloy 7.0 days 14.0 d a y s ^ l - O ^ a y s 2 8 ^ ^ d a y s 

Type 304 
316 
321 
347 
406 

Inconel 600 

Inco 

625 
X750 

loy 800 

8.3 

12.2 

12.9 
11.9 

0.4 

9 .4 
0.4 

2.9 

10.9 

0.2 

0.6 
2.4 

14.3 23.0 

6.7 7.2 6.8 6.8 

In the M a r c h P r o g r e s s R e p o r t (ANL-6880 , p . 4) the bel ief was 
e x p r e s s e d that r e d u c t i o n of the oxygen con ten t of the s t e a m in BORAX-V 
through use of a c a t a ly t i c r e c o m b i n e r could m a t e r i a l l y r e d u c e the ox ida t ion 
r a t e and suscep t ib i l i t y to s t r e s s - c o r r o s i o n c r a c k i n g of the a u s t e n i t i c s t a in ­
l e s s s t ee l c ladding. However , e x p e r i m e n t a l w o r k a t A r g o n n e and e l s e w h e r e 
d e m o n s t r a t e s that a r e c o m b i n e r , r e g a r d l e s s of any l ike ly o b t a i n a b l e effi­
ciency, would have no a p p r e c i a b l e effect on the c o r r o s i o n b e h a v i o r of the 
aus t en i t i c s t a i n l e s s s t ee l . 

3. N o n d e s t r u c t i v e T e s t i n g 

a. U l t r a s o n i c Imaging . M o t i o n - p i c t u r e r e c o r d i n g s m a d e of the 
Kinescope dur ing u l t r a s o n i c i n s p e c t i o n s of s e v e r a l f lat fuel e l e m e n t s w e r e 
r ecen t ly comple t ed . The f i lms d e m o n s t r a t e the capab i l i t y of the s y s t e m for 
inspec t ing a moving objec t . C o m p a r i s o n i n s p e c t i o n s of t h e s e s a m e e l e m e n t s 
a r e now being taken by o the r u l t r a s o n i c t e c h n i q u e s and by r a d i o g r a p h i c 
m e t h o d s . 

b . C o r r e l a t i o n of Hea t T r a n s f e r and Bond Qual i ty . The c o r r e l a t i o n 
be tween u l t r a s o n i c t r a n s m i s s i o n c a p a b i l i t i e s of v a r i o u s t ypes of m e c h a n i c a l 
bonds and t he i r h e a t - t r a n s f e r c a p a b i l i t i e s i s be ing s tud ied to d e t e r m i n e the 
t h e r m a l p r o p e r t i e s of the bonds by the t h e r m a l - p u l s e m e t h o d for m e a s u r ­
ing diffusivity and conduct iv i ty deve loped by P a r k e r e ^ a l . ^ T h e f ront su r face 
of the s p e c i m e n s a r e un i fo rmly i r r a d i a t e d by a v e r y s h o r t ( a p p r o x i m a t e l y 
600 lisec) pu l s e of r a d i a n t e n e r g y supp l ied by a xenon f l a sh tube . The t e m ­
p e r a t u r e h i s t o r y of the b a c k s u r f a c e i s con t inuous ly m o n i t o r e d by feeding 

•̂  P a r k e r , W. J. , J e n k i n s . R. J . , B u t l e r , C. P . , and Abbot t , G. L., F l a s h 
Method of D e t e r m i n i n g T h e r m a l Diffusivi ty, Hea t C a p a c i t y and T h e r m a l 
Conduct ivi ty , J . Appl . P h y s . 32, 1679 ( l 9 6 l ) . 
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the output of a thermocouple in contact with the back surface into a differ­
ential amplifying system and then into an oscilloscope. Measurements of 
thermal diffusivity a and conductivity k of the copper braze-bonded speci­
mens have been completed. Values of a ranged from 1.01 to 0.009 cm^/sec, 
and of k from 0.882 to 0.008 ca l -cm/cm^-sec-°C. For copper a = 1.14 c m ^ 
sec and k = 0.922 ca l -cm/cm^-sec-°C. Ultrasonic tests on these specimens 
should be started in the near future. 

Plans a re being made to extend this study to diffusion bonds. It 
is hoped that suitable specimens can be made from fuel plates that have been 
rejected on the basis of the ultrasonic t es t s . 

c. Neutron Radiography. Nuclear fuels, when tested in reac tors , 
soon become so radioactive that they must be encapsulated before the s tar t 
of a test. The removal of specimens from their capsules (for examination), 
followed by the re-encapsulat ion of the specimen for further irradiation, is 
complicated, t ime-consuming, and usually detrimental to the success of the 
experiment. It is therefore advantageous to follow the experiment by photo­
graphing images of the specimens and associated equipment in the capsule. 
A method of obtaining the images by neutron radiography has been developed. 
The study of phosphors for possible use in a neutron image converter has 
continued. A combination of Li 'F and ZnS is the most promising phosphor 
tested to date, and at tempts to optimize the composition are now under way. 

E. Remote Control Engineering Development 

1. Viewing Systems 

The program to develop better radiat ion-res is tant glasses includes 
basic investigations of experimental glasses and accelerated performance 
tests with a variety of pract ical shielding g lasses . The basic investigations 
a re ca r r i ed out in order to broaden the understanding of specific aspects of 
the problem and to give direction to the experimental tests on practical 
g lasses . Current basic investigations pertain to the role that cerium and 
other additives play in the suppression of radiation induced coloration (see 
P r o g r e s s Report for March 1964, ANL-6880, pp. 59-60) and to the glass 
proper t ies that prevent fracturing produced by electrical discharge. 

Thick castings of shielding window glasses in common use today 
have been found to be quite susceptible to fracture by electr ical discharge 
if the surface is scratched or chipped. Pre l iminary studies (see P r o g r e s s 
Report for May 1963, ANL-6739, pp. 45-47) were car r ied out with 4-inch 
cubes of g lass . All commercia l g lasses tested were easily discharged by 
a small impact after an exposure of 1 to 10 megaroentgens. The impact 
or penetration of the surface required to initiate discharge decreased with 
inc rease in exposure. It is thought that the discharge is readily initiated 
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b e c a u s e of the high vo l t age g r a d i e n t g e n e r a t e d in the g l a s s . T h i s o c c u r s in 
h i g h - r e s i s t i v i t y g l a s s e s a s a r e s u l t of the e l e c t r o n s f r eed in the g l a s s by 
Compton s c a t t e r i n g . A l so , a s e r i o u s effect for l a r g e windows i s tha t a s m a l l 
f r a c t u r e , once fo rmed , wi l l con t inue to g r o w with s u b s e q u e n t e x p o s u r e . 

The effect of i n c r e a s i n g the exc i t a t i on l eve l in the g l a s s by e x p o s u r e 
to 10-MeV e l e c t r o n s f r o m a l i n e a r a c c e l e r a t o r i s be ing s tud ied . I m m e d i a t e l y 
af ter exposu re , a g l a s s s a m p l e is chipped s l igh t ly to i n i t i a t e d i s c h a r g e and 
the c h a r g e r e l e a s e d is m e a s u r e d . So fa r , t h i s t e s t c l e a r l y d i s t i n g u i s h e d b e ­
tween lead and b a r i u m s i l i c a t e g l a s s e s . H o w e v e r , m o r e t e s t s a r e needed 
before the e l e c t r o n - i r r a d i a t i o n r e s u l t s can be c o r r e l a t e d wi th g a m m a -
i r r a d i a t i o n r e s u l t s . If the r e s u l t s can be c o r r e l a t e d , the e l e c t r o n i r r a d i a ­
t ion would aid in t e s t i ng a c o n s i d e r a b l e n u m b e r of e x p e r i m e n t a l g l a s s 
c o m p o s i t i o n s for r e l a t i v e s u s c e p t a b i l i t y to d i s c h a r g e . The s a m p l e s r e q u i r e d 
can be s m a l l enough to be ea s i l y m e l t e d and the e x p o s u r e t i m e is l e s s than a 
minu te per s a m p l e . G l a s s s a m p l e s tha t shov/ the l e a s t s u s c e p t a b i l i t y to d i s ­
c h a r g e wil l be p r e p a r e d in l a r g e s a m p l e s for g a m m a i r r a d i a t i o n . 

2. E l e c t r i c M a s t e r - S l a v e M a n i p u l a t o r M a r k E4 

A new 50- lb l o a d - c a p a c i t y , e l e c t r i c m a s t e r - s l a v e m a n i p u l a t o r i s 
being deve loped . The p r i n c i p a l i m p r o v e m e n t s o v e r the ex i s t i ng Model 3 
Manipu la to r a r e : ( l ) the m a n i p u l a t o r s l ave a r m wi l l be ab l e to a p p r o a c h 
work f rom many d i r e c t i o n s ; (2) the m a s t e r a r m s wi l l be b e t t e r su i t ed to 
working with di f ferent types of v iewing, such a s w indows , p e r i s c o p e s , and 
t e l ev i s ion m o n i t o r s ; (3) the s l ave a r m m o t o r s wi l l be coo led b e t t e r so tha t 
they can w o r k in h ighe r a m b i e n t t e m p e r a t u r e s ; (4) the e l e c t r i c a l s e r v o s y s ­
t e m is des igned to a l low the s l ave a r m s to be o p e r a t e d up to 2,000 ft f r o m 
the m a s t e r a r m s ; (5) the m a n i p u l a t o r wi l l have h i g h e r dependab i l i t y ; and 
(6) the s l ave a r m v/ill be e a s i e r to r e p a i r , and m u c h of the r e p a i r can be 
done r e m o t e l y . 

The r e a c h and m a n e u v e r a b i l i t y of the p r e s e n t m a n i p u l a t o r con f igu ra ­
tion would go a long way t o w a r d solving s o m e of the p r o b l e m s in the cave 
over the F A R E T r e a c t o r , in the A l p h a - G a m m a Cave for M e t a l l u r g y , in the 
hot ce l l s at the N u c l e a r Rocke t D e v e l o p m e n t Si te , and would a l s o h a v e p o ­
ten t ia l use for r e p a i r i n g o the r equ ipmen t , such a s v a r i o u s c o m p o n e n t s of 
h i g h - e n e r g y p a r t i c l e a c c e l e r a t o r s . 

The m a n i p u l a t o r h a s s even m a s t e r - s l a v e m o t i o n s . E a c h c o n s i s t s 
p r i nc ipa l l y of a s l a v e - a r m s e r v o d r i v e unit , a m a s t e r - a r m s e r v o uni t , and 
a s e r v o a m p l i f i e r . E a c h s l ave s e r v o d r i v e uni t wi l l h a v e a b r a k e which can 
be se t by the o p e r a t o r , or wi l l a u t o m a t i c a l l y be se t by a f a i l - s a f e c i r c u i t in 
c a s e of an e l e c t r i c a l ma l func t ion . 

The fo rce c a p a b i l i t i e s of the s l a v e a r m in any d i r e c t i o n i s 0 to 50 lb 
and the r e f l ec t ed fo rce c a p a b i l i t i e s of the m a s t e r a r m v a r y f r o m 0 to 17 lb . ' 
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The force fed back to the master a r m and handle can be selected to be either 
equal to, or one-third of, the force at the slave a r m for loads under 17 lb. 
Above 17 lb at the slave arm, the force fed back to the mas ter a r m and handle 
must be selected to be one-third of the force at the slave. 

The servo drive units, consisting of motors , tachometers , synchros, 
and gearing, a r e the same for the new configurations as they were for the 
earl ier telescoping configuration. The servo drive units and servo ampli­
fiers have been nearly completed in design and some parts fabricated. A 
prototype servo amplifier has been tested with the servo drive units and the 
performance is satisfactory. 

Several configurations of the a rm have been studied and mockups of 
a number of these have been made. In addition, some hardware has been 
built in order to work out some of the mechanical problems. An ear l ier 
configuration utilized a telescoping lower a rm. After considerable study 
of several of the detail problems, the telescoping design appeared undesir­
ably complex. Other configurations have been investigated in an effort to 
decrease cost and/or gain a configuration which would be more useful in a 
wider variety of applications. 

3. Special Motors for Master-Slave Manipulators 

Two different low-inert ia motors have been designed and are being 
fabricated for test and possible use in future electric mas te r - s lave manip­
ulators having load capacities between 50 and 100 lb. The actual capacity 
of the manipulator will depend on the speed at which the slave a rm moves 
and the amount of heat that can be removed from the motors . One of the 
motors is two-phase, 60-cycle, with a thin-walled aluminum cup rotor. It 
is designed with special laminations to provide air passages between the 
rotor and windings to remove the heat. The other motor has a permanent 
magnet for its rotor and has the commutated winding in the stator. This 
inverse (compared with conventional dc motors) arrangement allows for a 
much grea ter volume of conductor in the commutated winding and allows the 
rotor to have much lower inert ia compared with conventional designs. There 
a re no other known motors in this country of equal power with as high a 
torque- to- iner t ia rat io. 

4. Telescopes and Per i scopes for Use with Master-Slave Manipulators 

Studies a re being ca r r ied out on various paramete rs of telescopes 
and per iscopes to determine the limitations of existing systems and the new 
charac te r i s t i c s required to make them useful for viewing by a manipulator 
operator performing work efficiently at distances between 1 5 to 100 ft. The 
pa r ame te r s being studied include the effects of: exit pupil size, eye relief, 
sighting capabili t ies, and positioning methods. We have found that, because 
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of the n o r m a l head m o v e m e n t s of a m a n i p u l a t o r o p e r a t o r , it i s d e s i r a b l e that 
the t e l e s c o p e or p e r i s c o p e have a r e l a t i v e l y l a r g e exi t pupil and eye re l ief . 

5. M a s t e r Con t ro l Handle 

S e v e r a l des ign s t u d i e s have been m a d e of c o n t r o l h a n d l e s for the 
m a s t e r a r m of m a s t e r - s l a v e m a n i p u l a t o r s in o r d e r to get b e t t e r m e c h a n i c a l 
coupling be tween the o p e r a t o r ' s hand and the h a n d l e for a l l s ix of the b a s i c 
mot ions and to get a conven ien t me thod of o p e r a t i n g the t o n g s . P r e s e n t 
hand les have qui te poor m e c h a n i c a l coupl ing of the o p e r a t o r ' s hand to the 
handle in two of the six m o t i o n s . 

6. Rota t ing Gas Seal for M a n i p u l a t o r Boot 

A ro ta t ing " s e a l " which p e r m i t s u n s e a l e d m e c h a n i c a l m a s t e r - s l a v e 
m a n i p u l a t o r s to be o p e r a t e d in an i n e r t g a s a t m o s p h e r e h a s b e e n deve loped 
and is being t e s t ed . Th i s sea l p e r m i t s f r e e r o t a t i o n of the w r i s t and a z i m u t h 
mot ions of the m a n i p u l a t o r by a l lowing the l o w e r p o r t i o n of a boot to f r ee ly 
r o t a t e with r e s p e c t to the upper po r t i on . The s l a v e a r m of the m a n i p u l a t o r 
can be wi thdrawn f rom the sea l for r e p a i r , and the l o w e r boot can be r e ­
mo te ly r e p l a c e d . 

7. F u t u r e "High F i d e l i t y " M a n i p u l a t o r s 

Recen t s t ud i e s ind ica te that it i s p o s s i b l e and p r a c t i c a l to deve lop 
m a n i p u l a t o r s y s t e m s and s p e c i a l too ls to the point tha t a l m o s t any equ ipment 
could be r e m o t e l y r e p a i r e d even tliough it w a s only d e s i g n e d for m a n u a l r e ­
p a i r . The a p p r o a c h that s e e m s m o s t l ike ly to y ie ld s u b s t a n t i a l p r o g r e s s 
toward th is goal , in a r e a s o n a b l e l eng th of t i m e , i s to deve lop e l e c t r i c 
m a s t e r - s l a v e m a n i p u l a t o r s that have a m u c h m o r e a c c u r a t e f o r c e feedback, 
so that the o p e r a t o r can ge t a d y n a m i c feel r e a s o n a b l y s i m i l a r to tha t which 
he fee ls when he holds a tool in h i s own hand. The p r e s e n t " m e d i u m f idel i ty" 
m a s t e r - s l a v e m a n i p u l a t o r s g ive f o r c e feedback , but th i s f eedback does not 
extend into the h ighe r f r e q u e n c i e s and the a c c u r a c y of f e edback a t low f r e ­
quenc ies is i nadequa te for s e n s i t i v e o p e r a t i o n s . 

The f i r s t s e v e r a l g e n e r a t i o n s of t h e s e "high f ide l i ty" m a n i p u l a t o r s 
would p robab ly have only seven to ten i ndependen t m a s t e r - s l a v e m o t i o n s 
and would n e c e s s a r i l y need n u m e r o u s s p e c i a l too l s and w r e n c h e s . The r a t e 
of p e r f o r m i n g w o r k would m o s t l ike ly be c o n s i d e r a b l y be low the r a t e of 
p e r f o r m i n g it d i r e c t l y with the h a n d s . 

Success fu l r e d u c t i o n to p r a c t i c e of m a n i p u l a t o r s y s t e m s having t h e s e 
"high f idel i ty" c a p a b i l i t i e s would open up new, l e s s c o s t l y a p p r o a c h e s to the 
des ign of r e a c t o r s y s t e m s , r e p r o c e s s i n g p l a n t s , hot l a b o r a t o r i e s , r e p a i r of 
n u c l e a r r o c k e t s on e a r t h and p o s s i b l y in s p a c e , and r e p a i r of s o m e fu tu re 
h i g h - c u r r e n t h i g h - e n e r g y a c c e l e r a t o r s . 



F. Heat Engineering 

1. Studies of Boiling Liquid Metals 

Experimental information pertinent to the two-phase fluid dynamic 
and boiling heat transfer behavior of the alkali metals is being collected. 
The pa ramete r s of in teres t include two-phase p r e s su re losses, variation of 
vapor volume fraction with p r e s s u r e and quality, variations of boiling heat flux, 
overall condensation behavior, and boiling stability. These paramete rs will 
be varied over a wide tempera ture range extending to 2 100°F, and most ex­
periments will utilize sodium as the fluid medium in the forced-convection 
systems. 

a. Void Fraction - P r e s s u r e - d r o p Facility. A forced-convection, 
boiling sodium loop, constructed of Type 316 stainless steel, has been de­
signed to measure two-phase p r e s su re losses (adiabatic) and vapor volume 
fraction in flowing sodium, and is limited to shor t - t e rm operation at approxi­
mately one atmosphere and 1632°F. Construction of the loop is essentially 
complete, and calibration and fill procedures a re underway. 

The 10-kc eddy-current liquid level probes are being calibrated 
for sensitivity and tempera ture coefficient (which is very small). A highly 
stable, linear dc amplifier has been incorporated into the zero-point cali­
bration circuit and the probe output circuit; this component has eliminated 
all the drift difficulties, and the level reading should be accurate to ±0.1 in. 
of liquid level. 

Measurements of the effective electr ical resis tance of the elec­
tromagnetic flowmeters at various values of temperature and vapor volume 
fraction is expected to provide basic data for MHD experiments. Such simple 
measurements will not interfere with the pr imary measurement of void frac­
tion and two-phase p r e s su re losses . 

Upon completion of the level-probe installations, the sodium fill 
process will be tested in the main loop, and the gas control system will be 
tested pr ior to the flowmeter calibrations. 

2. Boiling Sodium Heat Transfer Facility 

a. Niobium-Zirconium Loop Construction. Work during this past 
month centered on preparat ions for the installation of the vacuum chamber 
and related equipment. Some revision in the layout of the equipment was 
made to satisfy handling requirements for the liquid nitrogen to be used in 
the cold baffle on the chamber. Plans were also made for the procurement 
of liquid nitrogen (a manifold and piping system was designed) as well as 
for the supply and drain sys tems for the eleven cooling-water circuits 
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a s s o c i a t e d with the c h a m b e r and power e q u i p m e n t . S o m e f l o w - m e a s u r i n g 
t e m p e r a t u r e - m e a s u r i n g , and safety i n t e r l o c k i n g e q u i p m e n t w a s ob ta ined for 
t he se c i r c u i t s . 

b . H e a t e r E x p e r i m e n t s . R e f i n e m e n t s on the v a c u u m e n c l o s u r e for 
housing the t h e r m a l - r a d i a t i o n - h e a t e d loop have been c o m p l e t e d . The h e a t e r 
sec t ion has been welded into pos i t ion , thus c o m p l e t i n g the loop a s s e m b l y . 
T h e r m o c o u p l e s have been loca ted a t v a r i o u s p o s i t i o n s on the loop. The 
e l e c t r o m a g n e t i c f l owmete r i s be ing c a l i b r a t e d . 

Diff icul t ies have been e n c o u n t e r e d in l eak check ing the s y s t e m . 
The leak d e t e c t o r , p r e s e n t l y be ing r e b u i l t , wi l l soon be a v a i l a b l e . 

3. Doub le -p ipe Liquid Meta l Hea t E x c h a n g e r 

A hea t t r a n s f e r loop is be ing d e s i g n e d to i n v e s t i g a t e hea t t r a n s f e r 
with m e r c u r y flowing c o c u r r e n t l y in a d o u b l e - p i p e hea t e x c h a n g e r . The loop 
wi l l c o n s i s t of a cen t r i fuga l pump, C a l r o d h e a t e r r a t e d a t 10 kW a s the hea t 
s o u r c e , a w a t e r coo le r a s the hea t sink, e l e c t r o m a g n e t i c f l o w m e t e r s for 
m e a s u r e m e n t s of both the tube and annu lus output flov/ r a t e s , an expans ion 
tank, dump tank, and the t e s t s ec t i on . The flow s y s t e m , wh ich wi l l o p e r a t e 
under m a x i m u m condi t ions of 80 ps i and 200°F, i s to be c o n s t r u c t e d ma in ly 
of s t a i n l e s s s t e e l . 

The ma in ob jec t ive of the i n v e s t i g a t i o n i s to ob ta in fully deve loped , 
loca l hea t t r a n s f e r r a t e s a s a funct ion of the o p e r a t i n g cond i t i ons of the ex­
c h a n g e r . This i s to be ach ieved by mak ing a l o c a l t e m p e r a t u r e m e a s u r e m e n t 
in the wal l of the c e n t e r tube at the out le t of the e x c h a n g e r . F r o m the bulk 
fluid t e m p e r a t u r e s of the tube and annu lus a t the out le t , and f r o m the o v e r ­
a l l fully deve loped hea t t r a n s f e r coeff ic ient and the wal l r e s i s t a n c e , the tube 
wal l su r f ace t e m p e r a t u r e s m a y be c a l c u l a t e d , and f r o m t h e s e t e m p e r a t u r e s , 
the loca l coeff ic ients m a y be d e t e r m i n e d . 

The t e s t sec t ion wi l l be c o n s t r u c t e d of n i c k e l in o r d e r to r e d u c e the 
t e m p e r a t u r e g r a d i e n t s in the tube wa l l . A h y d r o d y n a m i c e n t r a n c e l eng th of 
about 20 d i a m e t e r s m length wi l l p r e c e d e the hea t t r a n s f e r s e c t i o n of the 
t e s t sec t ion which wil l be f r o m 15 to 30 d i a m e t e r s in l eng th wi th a n n u l a r 
r a t i o s of f rom 1.2 to 2.0. 

Des ign is n e a r c o m p l e t i o n . 

4. ANL-AMU P r o g r a m 

Other hea t e n g i n e e r i n g e x p e r i m e n t s , p e r f o r m e d a s p a r t of a jo in t 
p r o g r a m (not suppor t ed by the D iv i s ion of R e a c t o r D e v e l o p m e n t ) b e t w e e n 
the L a b o r a t o r y and the A s s o c i a t e d Midwes t U n i v e r s i t i e s (AMU), a r e d e ­
s c r i b e d below. 
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a. T r a n s i e n t B e h a v i o r of Hea t T r a n s f e r Loop. In the P r o g r e s s 
R e p o r t for M a r c h 1964, A N L - 6 8 8 0 , p . 62, it w a s no ted tha t the r a p i d 
(6 -24 cps) o s c i l l a t i o n s which o c c u r a t bu lk t e m p e r a t u r e s s u b s t a n t i a l l y be ­
low the t h e r m o d y n a m i c c r i t i c a l point , w e r e b e l i e v e d to be an a c o u s t i c type 
of p r e s s u r e w a v e . A t u r b i n e - t y p e f l o w m e t e r d o e s not i n d i c a t e flow f luctu­
a t i o n s of the m a g n i t u d e p r e v i o u s l y m e a s u r e d by m e a n s of a V e n t u r i . A p ­
p a r e n t l y , the o s c i l l a t i o n s of the V e n t u r i p r e s s u r e d r o p a r e c a u s e d by a 
p r e s s u r e wave c r o s s i n g the V e n t u r i t aps r a t h e r than a s a r e s u l t of flow 
f luc tua t ions . 

If the above s p e c u l a t i o n is t r u e , one would s u s p e c t that the 
f requency of the o s c i l l a t i o n s should be a funct ion of the fluid p r o p e r t i e s , 
s ince the son ic ve loc i ty d e c r e a s e s a s the c r i t i c a l t e m p e r a t u r e i s a p p r o a c h e d 
( t h e o r e t i c a l l y it should equa l z e r o a t the c r i t i c a l point ) . If the wave leng th 
r e m a i n s c o n s t a n t (at a va lue which depends on loop g e o m e t r y ) , then the 
f r equency should a l s o d e c r e a s e a s the c r i t i c a l t e m p e r a t u r e is a p p r o a c h e d 
a c c o r d i n g to the equa t ion 

f C/X. 

w h e r e f i s the f r e q u e n c y (cps), C the speed of sound ( f t / s e c ) , and \ = w a v e ­
length (ft). 

In o r d e r to t e s t th i s h y p o t h e s i s , the e x p e r i m e n t a l l y d e t e r m i n e d 
f r equency was p lo t t ed v e r s u s the a v e r a g e t e m p e r a t u r e in the s y s t e m . F i g ­
u r e 10 shows the r e s u l t s for a l l p r e s e n t l y t abu la ted da t a . The da ta for the 

38 I f t LOOP 

2 4 0 

AVERAGE TEMPERATURE, " F 

Figure 10. Frequency vs. Average Temperature in Several Loops 
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two s h o r t e r loops w e r e t aken f r o m A N L - 6 7 1 0 . Two f a c t s a r e ev iden t . 
The f r equency d e c r e a s e s with i n c r e a s i n g t e m p e r a t u r e , a s would be s u r m i s e d 
f rom the b e h a v i o r of the son ic ve loc i ty , wh ich a l s o d e c r e a s e s wi th t e m p e r a ­
t u r e in the given r eg ion . The f r e q u e n c y is i n v e r s e l y p r o p o r t i o n a l to the 
length of the loop for a g iven a v e r a g e t e m p e r a t u r e . H e n c e , we conc lude that 
the s o n i c - t y p e o s c i l l a t i o n s a r e of a r e s o n a n t n a t u r e wi th a w a v e l e n g t h equal 
to the length of the loop. In s e v e r a l i n s t a n c e s when the power w a s suddenly 
i n c r e a s e d , the wave leng th w a s only one -ha l f the loop l eng th . T h e s e i s o l a t e d 
i n s t a n c e s r e s u l t e d in m o r e s e v e r e p r e s s u r e o s c i l l a t i o n s a c r o s s the V e n t u r i , 
a s would be expec ted . 

A t t e m p t s to m e a s u r e the sonic ve loc i ty h a v e not been whol ly 
succes s fu l to da te . H o w e v e r , the son ic ve loc i t y a p p e a r s to be of the o r d e r 
of 700 f t / s e c a t a t e m p e r a t u r e 4 0 - 5 0 ° F below the c r i t i c a l . By u s e of th i s 
va lue , a r e s o n a n t f r equency of 14 cps would i n d i c a t e a w a v e l e n g t h of 49 ft, 
which is equal to the length a r o u n d the loop. T h i s fact a l s o t e n d s to suppo r t 
the conc lus ion that the r a p i d o s c i l l a t i o n s a r e an a c o u s t i c type of phenomenon 
with a wave leng th equal to the d i s t a n c e a r o u n d the loop. 

b. T w o - p h a s e Nozz l e F low S t u d i e s . The e x i s t i n g l i t e r a t u r e on two-
p h a s e nozz le flow h a s been c r i t i c a l l y e x a m i n e d . C o n s i d e r a b l y m o r e in for ­
ma t ion is a v a i l a b l e for t w o - c o m p o n e n t than for s i n g l e - c o m p o n e n t t w o - p h a s e 
flow in c o n v e r g i n g - d i v e r g i n g n o z z l e s in the l o w - q u a l i t y r e g i o n . Al though 
ef f ic ienc ies and r e l a t i v e v e l o c i t i e s b e t w e e n the p h a s e s in t w o - c o m p o n e n t 
s y s t e m s have been r e p o r t e d , no d i r e c t i n f o r m a t i o n can be found for one -
componen t s y s t e m s . 

Only one s o u r c e of da ta could be l o c a t e d on o n e - c o m p o n e n t , 
t w o - p h a s e flow th rough n o z z l e s (ASME p a p e r 6 3 - A H G T - 4 ) . The t h r u s t of 
the leaving fluid s t r e a m w a s m e a s u r e d in add i t ion to the u s u a l m e a s u r e m e n t s 
of flow r a t e and p r e s s u r e p ro f i l e t h roughou t the n o z z l e s . E x i t q u a l i t i e s 
r anged f r o m 14 to 3 5 p e r c e n t , b a s e d on e q u i l i b r i u m c a l c u l a t i o n s . No a t t e m p t 
was m a d e in th i s p a p e r to m e a s u r e or c a l c u l a t e s l ip r a t i o o r e f f i c i enc ie s of 
the n o z z l e s . T h e s e da ta w e r e t h e r e f o r e exan i ined m d e t a i l to ob ta in in for ­
ma t ion on s l ip r a t i o s , n o n e q u i l i b r i u m effects , and e f f i c i enc ie s of the n o z z l e s . 

A t w o - p h a s e n o z z l e t e s t fac i l i ty h a s been bu i l t f r o m which exi t 
qua l i t i e s f rom 1 to 7 p e r c e n t w e r e ob ta ined . Sl ip r a t i o m e a s u r e d a t the 
exit of the nozz l e r a n g e d f r o m 5 to 40, and i n c r e a s e d wi th i n c r e a s i n g 
qual i ty . 

The da ta i n d i c a t e tha t the eff ic iency of a t w o - p h a s e flow n o z z l e 
(the eff iciency a s u s e d h e r e i s def ined a s the r a t i o of the a c t u a l k i n e t i c 
ene rgy of a unit m a s s of the leaving l iquid p h a s e to the k i n e t i c e n e r g y of a 
unit m a s s of fluid expanding idea l ly ) i s a s t r o n g funct ion of ex i t qua l i ty , and 
can be r e l a t e d to the v a r i o u s flow p a t t e r n s o c c u r r i n g in the n o z z l e . At 
qua l i t i e s below 1 p e r c e n t , h igh e f f i c i enc ies a r e i n d i c a t e d (bubble f low). 

D. G. Harden, Transient Behavior of a Natural-circulation Loop Operating near the Thermodynamic 
Critical Point, ANL-5710 (May 1963). 



From 1 to 1 0 percent quality, the efficiency is decreasing for increasing 
quality (slug, annular flow), and efficiencies as low as 1 percent can be ex­
pected. Above 10 percent quality, the efficiency is found to increase sharply 
(dispersed flow), and the data examined indicate that a properly designed 
nozzle can give efficiencies as high as 90 percent. 

The data available on two-component systems have been com­
pared with the data from the one-component system and show similar 
t rends. The latter system, however, was complicated by nonequilibrium 
effects. 

c- Inception of Instability in a Natural-circulat ion Loop. The r e ­
designed Armadilla Loop was completed and a p ressu re test up to 3000 psi 
showed no weakness. However, heating of the test section indicated a need 
for a strong shroud in order to prevent buckling. The shroud is being added. 

At this t ime, instrumentation for the loop is being prepared, and 
it is hoped that the loop will be ready for operation within two weeks. 

d. Power-to-void Transfer Functions. Dynamic data a re now being 
provided by the experimental investigation of power-to-void transfer func­
tions. Several small changes have been made in the Small Scale Loop, 
namely the installation of a new Pot te rmeter and also a low-flow power trip 
to prevent burnout from loss of flow. The test sections have been received 
and all dimensional tolerances were excellent (±0.002 in.). 

All electronic equipment has been functioning properly, including 
the new Analog Computer which has been built to replace borrowed equip­
ment. The new 8-channel recorder is being used satisfactorily for deter­
mining system pa ra me te r s . 

To date, measurements of the void response to power modula­
tion in the frequency range from 0.01 to 10 cps have been made at 400 psia. 
It is planned to shake down the equipment and also to analyze fully the 
power-to-void transfer function at this p ressu re before proceeding to higher 
flow ra tes and p r e s s u r e s . The data cover measurements at various axial 
positions along the channel. Investigations a re planned for various t rans­
ve r se positions of the channel. 

The digital computer program is being used to generate theo­
ret ical curves with which the experimental data can be compared. The two-
phase flow models or quality-void fraction relationships which are presently 
being used a re those of Marchaterre-Hoglund^-^ and Bankoff.''^ 

11 J. Marcha te r re and B. M. Hoglund, Nucleonics, 20 142 (Aug 1962). 

12 s. G. Bankoff, J. Heat Transfer, 82 (Series C) 65 (Nov I960). 
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F u t u r e w o r k i n c l u d e s i n s t r u m e n t a t i o n of the new t e s t s e c t i o n 
and i t s i n s t a l l a t i o n in the loop. A l s o , f inal d e s i g n s a r e be ing c o m p l e t e d for 
the new power shunt , and c o m p l e t i o n i s s c h e d u l e d for A p r i l 30. S ince both 
of the above p r o j e c t s do not i n t e r f e r e wi th o p e r a t i o n of the loop, the e x p e r i ­
m e n t a l i nves t i ga t ion wi l l be con t inued . 

G. C h e m i c a l S e p a r a t i o n s 

1. C h e m i s t r y of Liquid M e t a l s 

F r o m m e a s u r e m e n t s of the e q u i l i b r i u m p r e s s u r e of c a d m i u m ove r 
the t w o - p h a s e r e g i o n L a C d - L a and p r e v i o u s e q u i l i b r i u m p r e s s u r e m e a s u r e ­
m e n t s ( s ee P r o g r e s s R e p o r t for F e b r u a r y 1964, A N L - 6 8 6 0 , p . 75), the f r ee 
e n e r g i e s of f o r m a t i o n of LaCd and of the o the r l a n t h a n u m - c a d m i u m i n t e r ­
m e t a l l i c compounds , LaCdj , La jCdi j , and La2Cd,7, a r e being eva lua t ed . At 
450°C, the f ree e n e r g y of f o r m a t i o n of L a C d n is found to be - 4 3 . 0 k c a l / m o l e , 
which a g r e e s wel l with the va lue of -40 .8 k c a l / m o l e d e t e r m i n e d by u s e of the 
ga lvan ic ce l l ( s ee P r o g r e s s R e p o r t for D e c e m b e r 1963, A N L - 6 8 1 0 , p. 36). 

2. F lu id i za t i on and Vola t i l i t y S e p a r a t i o n P r o c e s s e s 

a. R e c o v e r y of U r a n i u m f r o m L o w - e n r i c h m e n t C e r a m i c F u e l s . 
L a b o r a t o r y w o r k in suppor t of the p i l o t - p l a n t s tudy of a f l u id -bed f luor ide 
vola t i l i ty p r o c e s s is d i r e c t e d t o w a r d d e t e r m i n i n g the o p t i m u m cond i t i ons 
for the f luor ina t ion of U3O8-PUO2 m i x t u r e s m a f lu id ized bed of a l u m i n a 
g r a n u l e s and for the eff icient r e m o v a l of p lu ton ium f r o m the fluid bed. 

A lumina g r a n u l e s f r o m a f lu id -bed which had been u s e d for the 
f luor ina t ion of a U3O8-PUO2 m i x t u r e w e r e e x a m i n e d by an a u t o r a d i o g r a p h i c 
method to d e t e r m i n e w h e t h e r p lu ton ium r e t a i n e d by the a l u m i n a is on the 
su r f ace of the a l u m i n a g r a n u l e or d i s p e r s e d t h r o u g h the body of the a l u m i n a 
g r a n u l e . In the a u t o r a d i o g r a p h i c me thod , the a lpha ac t i v i t y of the p lu ton ium 
is used to i nd i ca t e i t s l oca t ion on (or in) the a l u m i n a p a r t i c l e s . In the d ev e l ­
oped pho tograph ic e m u l s i o n , the t r a c k s p r o d u c e d by the a lpha p a r t i c l e s a r e 
r e a d i l y d i s t i n g u i s h a b l e f r o m the g e n e r a l d a r k e n i n g tha t i s p r o d u c e d by be t a 
r a d i a t i o n . (Th i s t echn ique h a s been u s e d in the C h e m i c a l E n g i n e e r i n g Divi ­
sion to d e t e r m i n e the l oca t i on of the s i t e of p lu ton ium in a m e t a l m a t r i x . ) 
The r e s u l t s of t h e s e t e s t s c l e a r l y showed tha t the p lu ton ium i s p r e s e n t a s a 
l aye r on the s u r f a c e of the a l u m i n a g r a n u l e s . 

As a m e a n s of obta in ing b e t t e r r e m o v a l of p l u t o n i u m f r o m 
a lumina in l a b o r a t o r y - s c a l e s t u d i e s of the f l u id -bed f l u o r i n a t i o n of U^Og-
PUO2 m i x t u r e s ( see P r o g r e s s R e p o r t for M a r c h 1964, A N L - 6 8 8 0 , p . 64), 
the u s e of an add i t ive compound which would i n c r e a s e the f l u o r i n a t i o n r a t e 
of u r a n i u m and p lu ton ium w a s e x a m i n e d . B i s m u t h t r i f l u o r i d e i s be ing con­
s i d e r e d a s the add i t ive compound . It r e a c t s wi th f l uo r ine to f o r m b i s m u t h 

l-^M. D. A d a m s and R. K. S t e u n e n b e r g , S o m e M e t a l l u r g i c a l A p p l i c a t i o n s of 
A u t o r a d i o g r a p h y , A N L - 6 4 1 2 (Oct 1961). 



pentafluoride, a strong fluorinating agent, which in turn might be expected 
to increase the rate of fluorination of uranium and plutonium. In the present 
studies, the effect of the addition of BiFj upon the fluorination rates of UjOg 
and UO2F2 was determined by means of thermobalance. The conditions and 
the resul ts of the fluorination experinaents a re shown in the following: 

Material 
Tempera ture^ 

(°C) 

400 
400 
400 
400 
450 
450 
450 
450 

Fluorination Rate 
(mg/min) 

0.4 
4 
3.5 
2.3 
2 
2 
6-8 

14 

BiF3 
UO2F2 

10 w/o BiF3-90 w/o UO2F2 
3 0 w/o BiF3-7 0 w/o UO2F2 

BiF3 
U3O8 

7.5 w/o BiF3-92.5 w/o UjOj 
15 w/o BiF3-8 5 w/o UjOg 

^Tempera ture as indicated, ±10°C. 
^Fluorine flow: 200 cc/min. 

The resul ts showed that the fluorination rates for UO2F2 decreased with the 
addition of BiFs at 400°C and that the fluorination rates for UjOg increased 
with the addition of BiF3 at 450°C. 

b. Recovery of Uranium from Highly Enriched Uranium-Alloy 
Fuels by Chlorination and Fluorination Steps 

(i) Laboratory-scale Studies. Development studies have con­
tinued on a fluid-bed chlorination-fluorination process for the recovery of 
enriched uranium from uranium-alloy fuels. Experimental tests a re being 
ca r r ied out with uranium-aluminum and uranium-Zircaloy fuels in a 1 —-in.-
diameter fluid-bed reactor with the alloy submerged in an inert bed of alu­
mina par t ic les . Data from 39 previous experiments were evaluated by a 
stepwise multiple regress ion analysis to aid in defining the effects of oper­
ating variables on uranium retention on the alumina bed mater ia l after 
fluorination. The resul ts indicate that those operating conditions which 
tend to lower the part ial p ressu re of UF(, in the gas s t ream during fluorina­
tion resul t in lower retention of uranium by alumina. Lowering of the bed 
tempera ture to 250°C during the initial stages of the fluorination resulted 
in lower fluorination ra tes and hence lower partial p ressures of UF5 with 
a concomitant lowering of the amount of uranium retained by the alumina 
(see P r o g r e s s Report for February 1964, ANL-6860, pp. 76-77). 

(ii) Pilot-plant Demonstration Tests . Six preliminary tests 
have been completed in the pilot-plant facility that has been installed to 

14 J. Fischer and E. Rudzitis, J. Am. Chem. Soc , _8Ĵ , 6375 (1959). 
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demonstrate the recovery of uranium from enriched uranium alloy fuels by 
fluid-bed fluoride volatility techniques. Three tests involved assennblies of 
Zircaloy plates and three were with assemblies of aluminum plates. These 
tests , which demonstrated only the hydrochlorination and hydrofluorination 
steps of the process, were useful in establishing processing conditions for 
both steps (see Table XXIII). The data in Table XXIII a re not considered 
optimum, but represent the processing conditions which resulted in very 
satisfactory operation of the pilot-plant facility. The hydrochlorination 
temperatures are 50 to 100°C higher for the Zircaloy-based fuels, with the 
alumina bed material maintained at 450°C for Zircaloy fuels and 3 50°C for 
aluminum fuels. The hydrofluorination processing conditions a re identical 
for both types of fuels. Hydrogen chloride utilization efficiencies of 50% or 
greater were obtained for batch charges of either fuel type without hydrogen 
chloride recycle. 

Table XXIll, Processing Conditions for Pilot-plant Tests 

Equipment: Main reactor - 6-in.-diameter nickel reactor 
containing 40 kg granular alumina; packed-bed 
filter - 9-in.-diameter unit containing 9 kg 
granular alumina as filter media; pyrhydrol-
ysis reactor - 6-in.-diameter stainless steel 
reactor containing 20 kg bed material. 

Fuel Material 

Processing Parameters 
Zircaloy Fuel, Aluminum Fuel, 

PWR Type MTR and ETR Type 

Hydrochlor ina t ion 

A. Typical Charge 
Weight (kg) 
No. P l a t e s 
Length (in.) 
Uran ium (g) 

B. HCl Concent ra t ion (v/o) 

C. Gas Velocity in Reac to r 

D. P r o c e s s T e m p e r a t u r e s 
Reac to r Bed 
Reac tor Wall 
Packed-bed F i l t e r 
P y r o h y d r o l y s e r 

E. React ion Rate (kg /h r ) 
HCl Uti l izat ion (%) 
Reaction T i m e (hr) 

( f t / sec) 

°C) 

2 0 

14 

4 8 

180 

7 0 

0 . 6 

4 5 0 

3 5 0 

3 5 0 

3 5 0 

2.0-3.0 
50 

7-10 

F. Inert Bed Material 
Reactor Bed 
Packed-bed Filter 
Pyrohydrolyser 

II. Hydrofluorination 

A. HF Concentration (v/o) 

B. Gas Velocity in Reactor (ft/sec) 

C. Process Temperatures (°C) 
Reactor Bed 
Packed-bed Filter 

D. Reaction Time (hr) 

7 
19 
36 

280 

80 

0.6 

350 
275 
200 

3 0 0 - 3 5 0 

1.5-2.0 
60 
4-5 

Alcoa T 61 Alumina. 28-100 mesh 
Alcoa T 61 Alumina. 14-28 mesh 
Sand, 20 to 40 mesh 

20 

0.5 

350 

350 



o. C o r r o s i o n S tud ie s . C o r r o s i o n s t u d i e s in s u p p o r t of the fluid-
bed f l uo r ide vo l a t i l i t y p r o g r a m s for both h i g h - e n r i c h e d and l o w - e n r i c h e d 
fuels a r e in p r o g r e s s . The m a i n a i m of t h e s e s t u d i e s i s to d e t e r m i n e 
w h e t h e r n i c k e l i s su i t ab l e a s a m a t e r i a l of c o n s t r u c t i o n . The f i r s t s e r i e s 
of t e s t s in which n i c k e l - 2 0 0 and we lded s p e c i m e n s of n i c k e l - 2 0 0 w e r e ex­
posed to s i m u l a t e d p r o c e s s e n v i r o n m e n t s have been c o m p l e t e d . The r e s u l t s 
of the t e s t a r e g iven in T a b l e XXIV. E a c h va lue shown r e p r e s e n t s an a v e r ­
age of four s p e c i m e n s eva lua t ed a f te r e x p o s u r e t i m e of 240, 480, or 960 h r . 

Table XXIV, Corrosion of Nickel Plate and Welded Nickel 

Corrosion Rate, mi l s /y r 

Nickel-200 61 Fi l ler Nickel-200 
P l a t e " Metal Welds'* Welds* 

Environment ^^0 hr 480 hr 960 hr 240 hr 480 hr 960 hr 240 hr 480 hr 960 hr 

Fj at 475°C^ 0,9 0,9 0.9 1315 763 695 2,0 3,4 0.6 

76 70 3.3 2,2 1.1 F2/HCI at 450°cb 2,1 1.5 0.9 67 

F2/O2 at 500°C= 1,9 3.8 4,1 382 673 707 5,0 4,4 2,2 

^Specimens were held at 475 + 35°C in an atmosphere of 50 v/o fluorine in nitrogen at 
about 1000 m m Hg absolute. Total flow rate was about 50 ml /min at NPT (once-through), 

^Specimens were held at 450 + 10°C in an atmosphere of 50 v/o fluorine in nitrogen, a l ter ­
nated with an atmosphere of 50 v/o HCl in nitrogen every 24 hr. Flow conditions were 
s imi lar to those l isted in footnote "a" above, 

' 'Specimens were held at 500 i 25°C in an atmosphere of 50 v/o fluorine in nitrogen, a l ter ­
nated with an atmosphere of 50 v/o oxygen in nitrogen every 24 hr. Flow conditions were 
s imilar to those l isted in footnote "a" above, 

"Nickel-200 plate, thicknesses 1/16 and l /S in,, manufactured by the International Nickel 
Co.. Inc., and having the following nominal composition in percent: Ni, 99,5; C, 0,06; 
Mn, 0.25; Fe, 0, 15; S, 0,005; Si, 0,05; and Cu, 0,05, 

^These specimens were made of two pieces of nickel-200 plate, 3 / l6 in. thick, welded to­
gether with nickel filler metal 61, The filler metal has the following nominal composition 
in percent : Ni, 93,0; C, 0.15; Mn, 1.0; Fe, 1,0; S, 0.01; Si, 0.75; Cu, 0.25; Al, 1.50; 
Ti, 2 .0-3.5; other, 0.50. 

These specimens were made of two pieces of nickel-200 plate, 3/ l6 in, thick, welded to­
gether with nickel-200 filler metal. 

The c o r r o s i o n r a t e s for the f l u o r i n e - h y d r o g e n ch lo r ide env i ron ­
m e n t and f l u o r i n e - o x y g e n e n v i r o n m e n t w e r e found to be somewha t h ighe r 
than the 50 v / o f luo r ine e n v i r o n m e n t , but the r a n g e of va lues (0.9 to 
4.1 m i l s / y r ) i n d i c a t e s tha t only a s m a l l change in the c o r r o s i o n r a t e o c c u r s 
by a l t e r n a t i n g a f luor ine e n v i r o n m e n t with e i the r hydrogen c h l o r i d e or oxy­
gen. T h i s change is r e g a r d e d a s being s m a l l with r e f e r e n c e to the v a l u e s 
that a r e r e g a r d e d a s being a c c e p t a b l e a s c o r r o s i o n r a t e s (20 to 50 m i l s / y r ) 
for n i c k e l in p lan t u s e . M e t a l l o g r a p h i c examina t i on of the s p e c i m e n s af ter 
e x p o s u r e d i s c l o s e d no ev idence of i n t e r g r a n u l a r p e n e t r a t i o n . 

A c o m p a r i s o n of the v a l u e s for the c o r r o s i o n r a t e of n i c k c l - 2 0 0 
we lded wi th f i l l e r m e t a l 61 and n i c k e l - 2 0 0 welded with n i cke l -200 f i l le r 
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shows c l e a r l y that the n i c k e l - 2 0 0 f i l l e r h a s s u p e r i o r c o r r o s i o n r e s i s t a n c e 
in e v e r y i n s t a n c e ( s e e P r o g r e s s R e p o r t for M a r c h 1964, A N L - 6 8 8 0 , p . 65). 
The c o r r o s i o n r a t e for we lded s p e c i m e n s w a s c a l c u l a t e d by d e t e r m i n i n g the 
we igh t l o s s a f te r def i lni ing and a s s u m i n g tha t t h i s l o s s o c c u r r e d u n i f o r m l y 
over the o r ig ina l weld a r e a . 

Some cau t ion is r e q u i r e d in apply ing t h e s e r e s u l t s to p lan t con­
d i t ions , s ince c o n s i d e r a t i o n m u s t be g iven to f a c t o r s such a s t h e r m a l cycl ing, 
which m a y s igni f icant ly a l t e r the c o r r o s i o n r a t e of p l an t e q u i p m e n t . A s e r i e s 
of t e s t s a r e being m a d e in which the effect of t h e r m a l cyc l ing on the c o r ­
r o s i o n r e s i s t a n c e of n i c k e l wi l l be eva lua t ed . 

3. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g 

a. P r e p a r a t i o n of M a g n e s i u m S e s q u i c a r b i d e . One of the m e t h o d s 
being eva lua t ed for the p r e p a r a t i o n s of UC and ( U - P u ) C sol id so lu t i ons is 
the r e a c t i o n of Mg2C3 with u r a n i u m s a l t s or u r a n i u m - p l u t o n i u m s a l t s d i s ­
solved in a fused sa l t m i x t u r e , such a s L iC l -MgCl2 . The Mg2C3 which h a s 
been used for t h e s e r e a c t i o n s w a s p r e p a r e d by the d i r e c t r e a c t i o n of m a g ­
n e s i u m m e t a l wi th pen tane g a s . 

A modif ied p r e p a r a t i v e m e t h o d for MgjCj is be ing e x a m i n e d . 
P e n t a n e g a s is p a s s e d t h r o u g h a m o l t e n z i n c - m a g n e s i u m a l loy which con­
t a c t s a L iCl -MgCl2 m e l t he ld a t about 640°C. M a g n e s i u m c a r b i d e i s f o r m e d 
in the al loy phase , but goes into so lu t ion in the sa l t p h a s e . It i s p r o p o s e d to 
s e p a r a t e m e c h a n i c a l l y the m a g n e s i u m c a r b i d e - b e a r i n g s a l t p h a s e f r o m the 
a l loy. Th i s sa l t p h a s e is then added to a s i m i l a r s a l t p h a s e con ta in ing u r a ­
n ium or u r a n i u m - p l u t o n i u m , and, upon hea t ing , the u r a n i u m and p lu ton ium 
c a r b i d e s a r e expec ted to f o r m . 

Two p r e p a r a t i o n s of m a g n e s i u m c a r b i d e w e r e m a d e in the s y s ­
t e m z i n c - 5 0 w / o m a g n e s i u m and MgCl2-35 m / o LiCl ; s a m p l e s of the final 
sa l t p h a s e s w e r e a n a l y z e d for c a r b i d e by h y d r o l y z i n g the sa l t in a c l o s e d 
s y s t e m and m e a s u r i n g the v o l u m e of g a s evo lved . (MgC2 upon h y d r o l y s i s 
y i e ld s a c e t y l e n e and Mg2C3 y i e l d s m e t h y l a c e t y l e n e . -̂ ) If one a s s u m e s that 
the gas evolved by h y d r o l y s i s of sa l t f r o m the f i r s t p r e p a r a t i o n w a s only 
m e t h y l a c e t y l e n e , the Mg2C3 con ten t of the s a l t p h a s e w a s only 0.4 w / o . Fo r 
the sa l t s a m p l e f r o m the second p r e p a r a t i o n , not only w a s the v o l u m e of gas 
m e a s u r e d , but a l s o the m o l e c u l a r we igh t of the g a s w a s d e t e r m i n e d by the 
vapor dens i ty me thod . F r o m the m o l e c u l a r we igh t da t a and g a s v o l u m e , the 
sa l t c o m p o s i t i o n w a s c a l c u l a t e d to be 2.2 w / o MgC2 and 3.9 w / o MgzCj. 
T h e s e r e s u l t s a r e e n c o u r a g i n g , and add i t i ona l p r e p a r a t i o n s of m a g n e s i u m 
c a r b i d e a r e being m a d e in an effort to ob ta in b e t t e r y i e l d s . 

I S s i d g w i c k , N. v . . The C h e m i c a l E l e m e n t s and T h e i r C o m p o u n d s , Vol . 1, 
Oxford U n i v e r s i t y P r e s s , London, p . 223 . 
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4. C a l o r i m e t r y 

F i f t een c a l o r i m e t r i c c o m b u s t i o n s of s i l i con c a r b i d e in f luor ine have 
been p e r f o r m e d . Two s a m p l e s of a l p h a s i l i con c a r b i d e and two s a m p l e s of 
the b e t a v a r i e t y w e r e u t i l i zed in t h e s e e x p e r i m e n t s . P r e l i m i n a r y c a l c u l a ­
t ions show no s ign i f i can t d i f f e r e n c e for the two c r y s t a l l i n e mod i f i ca t i ons . 
The t e n t a t i v e v a l u e s for s t a n d a r d e n e r g y change p e r g r a m of s a m p l e at 
25°C, A E ° , w e r e -14 ,698 .09 ± 0.2 ca l g " ' for a lpha s i l i con c a r b i d e and 
-14 ,700 .21 ± 4.2 ca l g " ' for b e t a s i l i con c a r b i d e . 

Seven c a l o r i m e t r i c c o m b u s t i o n s of m a g n e s i u m in f luor ine and seven 
c a l o r i m e t r i c c o m b u s t i o n s of y t t r i u m in f luor ine have been comple t ed . Ten ta t ive 
v a l u e s for the s t a n d a r d e n e r g y change p e r g r a m of m a g n e s i u m and y t t r i u m 
s a m p l e a r e - 11,028 ± 6 ca l g"^ and -4609 .8 + 4.0 ca l g" ' , r e s p e c t i v e l y . 

H. P l u t o n i u m R e c y c l e P r o g r a m 

1. P l u t o n i u m R e c y c l e E x p e r i m e n t 

The safe ty a n a l y s i s for the P lu ton ium Recyc l e E x p e r i m e n t has been 
t r a n s m i t t e d to the A E C for r e v i e w . The a n a l y s i s c o n s i d e r s the c a s e w h e r e 
any w a t e r p e n e t r a t i n g c r a c k s in the c ladding r e m a i n s in the i n t e r i o r of the 
fuel pin. C a l c u l a t i o n s w e r e m a d e of the effects of th is "wa te r logg ing" on r e ­
ac t iv i ty , a s s u m i n g tha t ten p e r c e n t of the vo lume of a l l the fuel p ins i s w a t e r . 
The r e s u l t s showed that " w a t e r l o g g i n g " would not c a u s e a no t i ceab le change 
in r e a c t i v i t y in the c r i t i c a l e x p e r i m e n t and tha t it would c a u s e a d e c r e a s e 
of 0.3% in r e a c t i v i t y in the full s y s t e m . 

The effect of void c o n c e n t r a t i o n on the bui ldup of p lu tonium i so topes 
was a l s o i n v e s t i g a t e d . CYCLE ca l cu l a t i ons b a s e d on a v e r a g e p lu tonium zone 
vo ids of 0.2, 0.3, and 0.4 and the r e l a t i v e voids in p lu tonium, 1st sh im, 
2nd sh im , and u r a n i u m zones w e r e t aken to be in the r a t i o of 1 .0 / l . O/ l . O/O. 5. 
The dev ia t ion in the p lu ton ium i so top ic c o n c e n t r a t i o n s r e l a t i v e to the void 
f r a c t i o n s a s a function of bu rnup a r e given in Tab le XXV. The inf luence of 
the void d i s t r i b u t i o n on the c o n c e n t r a t i o n of p lu tonium i so topes is sma l l . 

Table XXV. Deviation in Percent for Various Isotopic Concentrations 

Burnup 

0 
0.00075 
0.0015 
0.0030 
0.0045 
0.0060 

Relative to 0.3 

P u " ' 
Plutonium-

0.4 

0 
0.3 
0.7 
1.6 
2.5 
3.6 

Void 
zone 

0.2 

0 
-0,2 
-0.5 
-1.1 
-1.8 
-2.6 

Plut. onium- zone Vo 

Pu^« 
Plutonium-

0.4 

0 
-0.5 
-0.9 
-1.4 
-1.6 
-1.6 

Void 

id Frac 

zone 

0.2 

0 
0.4 
0.6 
1.0 
1.2 
1.2 

tion 

Pu^^' 
Plutonium-

0.4 

0 
5.8 
5.4 
4.6 
3.9 
3.4 

Void 
•zone 

0.2 

0 

-4.8 
-4.4 
-3.8 
-3.3 
-2.9 
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H y d r o d y n a m i c i n s t r u m e n t r e s p o n s e in p r e v i o u s E B W R c o r e s showed 
that loca l v o i d s canno t be c h e c k e d to b e t t e r than ± 0 . 1 . A c c o r d i n g l y , i n s t r u ­
m e n t s wi l l not be inc luded in the d o w n c o m e r for the P l u t o n i u m R e c y c l e 
E x p e r i m e n t . 

2. P r e s s u r e V e s s e l S tee l 

P a r t of the EBWR P l u t o n i u m R e c y c l e P r o g r a m c o n s i s t s of i r r a d i a ­
t ion s u r v e i l l a n c e of the p r e s s u r e v e s s e l s t e e l . E x p e r i m e n t a l w o r k c o n t r i b u ­
to ry to the s u r v e i l l a n c e p r o g r a m h a s b e e n p e r f o r m e d a s no ted be low. 

Mechan i ca l , m a g n e t i c , and r e s o n a n t p r o p e r t i e s of E B W R v e s s e l s t e e l 
which w a s i r r a d i a t e d a s M T R - A N L - 2 6 h a v e b e e n m e a s u r e d . S i m i l a r da ta 
have been co l l ec t ed for two d i f fe ren t h e a t s of SA-212 B, known a s p e d i g r e e d 
s t ee l , which was i r r a d i a t e d in EBWR. A t h i r d se t of da t a w a s ob ta ined f rom 
s t r e s s e d SA-212 B p r e s s u r e v e s s e l s t e e l , s a m p l e s of wh ich w e r e t a k e n f rom 
the EBWR at the t i m e of the c o n v e r s i o n of the fac i l i ty for 100-MW o p e r a t i o n . 
E x a m i n a t i o n of the da ta r e v e a l e d tha t the SA-212 B p e d i g r e e h e a t of s t e e l is 
subs t an t i a l l y d i f fe ren t f r o m the EBWR p r e s s u r e v e s s e l s t e e l in one s ignif i ­
cant p r o p e r t y , i . e . , r e s i s t a n c e to i m p a c t . A s a c o n s e q u e n c e , the nex t i r ­
r a d i a t i o n s u r v e i l l a n c e of the E B W R wi l l be on E B W R p r e s s u r e v e s s e l s t e e l 
to p rov ide the m i s s i n g l ink (if any) to connec t the t h r e e s e t s of d a t a . Ad­
di t ional SA-212 B da ta ( f rom the S L - 1 p r e s s u r e v e s s e l ) wi l l be i n c o r p o r a t e d 
into th is s tudy. 

Ano the r po r t i on of the r e c y c l e p r e p a r a t i o n p r o g r a m c o n s i s t s of ex­
a m i n a t i o n of piping by n o n d e s t r u c t i v e t e c h n i q u e s wi th c o n f i r m i n g sec t ion ing 
of any s u s p i c i o u s a r e a s . Only one of five c o m m e r c i a l NDT i n s p e c t i o n l a b ­
o r a t o r i e s has shown an i n t e r e s t in the f ield e x a m i n a t i o n of the E B W R piping 
and a p r e l i m i n a r y cos t e s t i m a t e i s be ing p r e p a r e d . T h i s c o m p a n y i s ex­
p e r i e n c i n g di f f icul t ies in p r o c u r i n g piping m a t e r i a l s for the p r e p a r a t i o n of 
r e f e r e n c e s t a n d a r d s for u l t r a s o n i c t e s t i n g . 
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IV. ADVANCED SYSTEMS R E S E A R C H 
AND D E V E L O P M E N T 

A. A r g o n n e A d v a n c e d R e s e a r c h R e a c t o r (AARR) 

1. C o r e P h y s i c s 

F l u x and p o w e r d i s t r i b u t i o n s in p o l a r c o o r d i n a t e ( r - S ) g e o m e t r y 
w e r e ob t a ined for a c y l i n d r i c a l c o r e wi th 60'' s y m m e t r y . S y m m e t r y bound­
a r i e s a r e a t r od f o l l o w e r s and the b i s e c t o r s . The a z i m u t h a l v a r i a t i o n in 
p o w e r , m a x i m u m to a v e r a g e , i s 1.16 in the w o r s t c a s e . C u r r e n t l y u n d e r ­
way i s an i n v e s t i g a t i o n of the flux and p o w e r d i s t r i b u t i o n wi th c o n t r o l r o d s 
in. 

As p a r t of the r - j p r o b l e m , f luxes in the r e f l e c t o r w e r e d e t e r m i n e d 
for the c a s e in wh ich p a r t of the f l ux -enhanc ing w a t e r gap be tween the i nne r 
and o u t e r r e f l e c t o r s i s r e p l a c e d by b e r y l l i u m . * E p i t h e r m a l f luxes in the 
a l l - b e r y l l i u m * r e f l e c t o r w e r e 1.5 to 2 t i m e s t hose in the B e - H 2 0 conf igu ra ­
t ion, and the t h e r m a l flux w a s down by a fac to r of 2. Th i s d e m o n s t r a t e s 
how s i m p l e m o d i f i c a t i o n s of the r e f l e c t o r can s ign i f ican t ly a l t e r the n e u t r o n -
flux s p e c t r u m l o c a l l y . F o r e x a m p l e , an e x p e r i m e n t e r could obta in an 
e p i t h e r m a l - n e u t r o n b e a m by such a mod i f i ca t ion of the r e f l e c t o r in front 
of h i s b e a m tube , w h i l e f luxes and s p e c t r a in o the r b e a m tubes would be 
unaf fec ted . 

The effect of n a t u r a l s a m a r i u m addi t ion on keff h a s been d e t e r m i n e d . 
It i s found tha t kgff v a r i e s wi th the r a t i o R (R = n u m b e r of n a t u r a l s a m a ­
r i u m a t o m s a d d e d / n u m b e r of U^^^ a t o m s p r e s e n t ) in the r a n g e 0.016 £ R 
== 0.046 a s 

kgff = 1.191 - 5.799 R + 35.3251 R^ 

T e n t a t i v e l y , it i s p l a n n e d to u s e n a t u r a l s a m a r i u m as a b u r n a b l e po ison . 

R e c o v e r y f r o m c o m p l e t e shutdown is g o v e r n e d by the amoun t of 
r e a c t i v i t y he ld down by r o d s a s opposed to the i n c r e m e n t he ld down by 
Xe'^^ (and Sm''*') . At 100 MW the l a t t e r a m o u n t w a s a m a x i m u m of 3 p e r ­
cen t Ak. A c a r e f u l a n a l y s i s of the xenon and s a m a r i u m d i s t r i b u t i o n at 
q u a s i - s t a t i c e q u i l i b r i u m w a s m a d e . It w a s found tha t , b e c a u s e of spa t i a l 
v a r i a t i o n s in s p e c t r u m and p o w e r dens i t y , the xenon bui ldup following 
shu tdown i s not u n i f o r m . Af te r 11.2 h r shutdown, the xenon is m a x i m u m 
in the i n n e r h igh p o w e r r e g i o n and the to ta l i n c r e m e n t in r e a c t i v i t y l o s s 
i s 6 p e r c e n t Ak. 

*In a l l c a s e s , the b e r y l l i u m does con ta in a s m a l l amoun t of w a t e r in 
coo l ing c h a n n e l s , d e s p i t e the " a l l - b e r y l l i u m " des ign . 



66 

A CDC 3600 code i s be ing deve loped to d e t e r m i n e the c o n c e n t r a t i o n s 
of Xe'^^ and Sm '^ ' in a r e a c t o r at v a r i o u s t i m e s a f te r s t a r t u p o r shutdown. 

2. Shielding and P r e l i m i n a r y Safety A n a l y s i s 

C a l c u l a t i o n s for d i r e c t g a m m a - r a y e x p o s u r e for the AARR p r e ­
l i m i n a r y safety a n a l y s i s w e r e c o m p l e t e d for a f i s s i on p r o d u c t r e l e a s e of 
100% of the noble g a s e s , 50% of the h a l o g e n s , and 1% of the s o l i d s . Th i s 
r e l e a s e is a s s u m e d to r e p r e s e n t the condi t ion s u b s e q u e n t to r e a c t o r 
o p e r a t i o n at 240 MW for 37 days . If it be a s s u m e d tha t the f i s s i o n p r o d u c t s 
r e l e a s e d above the m a i n floor amoun t to 70% of the to t a l , the r a d i i of the 
exc lus ion a r e a and low popu la t ion zone a r e 550 and 850 m , r e s p e c t i v e l y . 
T h e s e r ad i i a r e r e d u c e d to 500 and 700 m when v e n t i l a t i o n (at 100 cfs) and 
washdown a r e i n i t i a t ed at shutdown. In the l a t t e r c a s e , 100% of the g a s e s 
and 50% of the ha logens and the so l id s (based on the s o u r c e above the m a i n 
f loor) a r e a s s u m e d to e n t e r the s t a c k e x h a u s t , and 25% of the h a l o g e n s and 
the so l ids a r e a s s u m e d to be w a s h e d down to a s h i e l d e d a r e a a t shutdown. 

With f i l t e r s in the exhaus t s y s t e m , e x p o s u r e of the g e n e r a l pub l ic 
can be r e d u c e d wel l below s t a t u t o r y l i m i t s for a c c i d e n t a l r e l e a s e . The 
d i r e c t g a m m a - r a y dose r e q u i r e s a sh ie ld ing wa l l to p r o t e c t p e r s o n n e l 
n e a r the r e a c t o r s i t e . Th i s wal l (of o r d i n a r y c o n c r e t e ) need be only 12 to 
18 in. th ick; it i s e s t i m a t e d tha t a 12- in . wa l l i s n e e d e d for c r a n e s u p p o r t s . 
Lining of the dome need not be so th ick : for e x a m p l e , 6 to 9 in. i s sufficient . 

3. Fue l and Core Des ign 

A h y d r a u l i c t e s t loop i s to be c o n s t r u c t e d for u s e in the AARR 
r e s e a r c h and d e v e l o p m e n t p r o g r a m . The loop wi l l be d e s i g n e d to c i r c u l a t e 
200 to 800 gpm of l ight w a t e r in the t e m p e r a t u r e r a n g e f r o m 100 to 500°F 
with a to ta l p r e s s u r e d rop for 500°F w a t e r of about 250 p s i . The m a x i ­
m u m p r e s s u r e of the c l o s e d s y s t e m is l i m i t e d to 1250 ps ig . 

The loop wil l be u s e d to i n v e s t i g a t e d e s i g n p r o b l e m s c a u s e d by the 
high v e l o c i t i e s and high p o w e r o p e r a t i o n . T h e s e p r o b l e m s can be so lved 
by e x p e r i m e n t a l m e a n s m o r e e x p e d i t i o u s l y and wi th g r e a t e r a c c u r a c y than 
by ana ly t i ca l m e a n s a lone . Th i s i s e s p e c i a l l y t r u e wi th r e g a r d to fuel 
p l a t e and fuel a s s e m b l y i n t e g r i t y , s i n c e an a n a l y t i c a l a p p r o a c h to d e t e r ­
min ing s t r e n g t h c h a r a c t e r i s t i c s s t i l l r e q u i r e s e x p e r i m e n t a l m e a s u r e m e n t s 
and v e r i f i c a t i o n for a given solu t ion . 

The loop wi l l be u s e d in the AARR H y d r a u l i c - S t r u c t u r a l T e s t i n g 
P r o g r a m to s tudy the fol lowing: 

1. D e t e r m i n a t i o n of the effect of h i g h - v e l o c i t y flow a c r o s s 
p a r a l l e l p l a t e s with r e g a r d to s t r u c t u r a l s t r e n g t h , v i b r a t i o n , a m p l i t u d e 
of v i b r a t i o n , flow d i s t r i b u t i o n , and m a n u f a c t u r i n g t o l e r a n c e s on the fuel 
p l a t e s . This w o r k wil l b r i n g a n a l y t i c a l d e s i g n a p p r o a c h e s c l o s e r to 
p r o p e r so lu t ion and p r o v i d e e x p e r i m e n t a l v e r i f i c ' 



a c -2. Effect of t h e r m a l e x p a n s i o n on the h y d r a u l i c - s t r u c t u r a l cha r 
t e r i s t i c s of AARR fuel a s s e m b l i e s . T h i s p h a s e of the p r o g r a m wil l s tudy 
the effect of t h e r m a l s t r e s s e s c a u s e d by t h e r m a l e x p a n s i o n s . 

3. Effect of h i g h - v e l o c i t y flow and p r e s s u r e d i f f e ren t i a l s on s e c ­
t ions of the c o r e s t r u c t u r e and on c o n t r o l b l a d e s . Th i s p h a s e of the w o r k 
wil l p r o v e the a d e q u a c y of the d e s i g n e d equ ipment . 

4. E s t a b l i s h c r i t e r i a for a c c e p t a n c e of fuel a s s e m b l i e s and 
f o r m u l a t e p r o c e d u r e and t e c h n i q u e s for a c c e p t a n c e t e s t s . This w o r k wil l 
aid in spec i fy ing the funct ional r e q u i r e m e n t s of the fuel a s s e m b l i e s ex­
pec t ed of fuel a s s e m b l y m a n u f a c t u r e r s . 

5. The fac i l i ty wi l l be u s e d for in i t i a l a c c e p t a n c e t e s t s of AARR 
fuel a s s e m b l i e s tha t wi l l be u s e d in the r e a c t o r . 

An a n a l y s i s of s t r e s s e s induced by both flowing fluid and t e m p e r a ­
t u r e g r a d i e n t in fuel p l a t e s of an AARR c l o s e s ide p l a t e a s s e m b l y has been 
s t a r t e d . 

S ince the f ini te F o u r i e r t r a n s f o r m cannot be appl ied d i r e c t l y to 
fuel p l a t e s wi th fixed e d g e s , s t r e s s and def lec t ion m u s t be obta ined bv 
subs t i t u t i ng an equ iva l en t s y s t e m . F o r e x a m p l e , a solut ion for s t r e s s 
and de f l ec t ion can be ob ta ined for two s i m p l y suppor t ed p l a t e s , each 
loaded d i f fe ren t ly , and s u p e r i m p o s e d . In th i s subs t i t u t e ca lcu la t ion , one 
p l a t e i s l o a d e d h y d r o d y n a m i c a l l y and sub jec ted to a bending m o m e n t at 
the fixed edges whi le the o t h e r p l a t e i s loaded with a different hyd rody­
n a m i c load and s u b j e c t e d to a t h e r m a l load s i m i l a r to that appl ied to the 
s ing le p l a t e s y s t e m . The finite F o u r i e r t r a n s f o r m can now be appl ied to 
the s u p e r i m p o s e d p l a t e s to obta in a so lu t ion for the s t r e s s and def lec t ion 
which could be e x p e c t e d in an AARR fuel p la te . 

B. M a g n e t o h y d r o d y n a m i c s (MHD) 

1. MHD P o w e r G e n e r a t i o n - J e t P u m p Studies 

M e a s u r e m e n t s of t h r u s t and e jec t ion r a t e w e r e m a d e on the c o m ­
pound n o z z l e r e f e r r e d to in the P r o g r e s s R e p o r t for M a r c h 1964 (ANL-6680, 
p. 71). The m e a s u r e d ve loc i t y r a t i o s f rom o u t e r to c e n t e r nozz le a v e r a g e d 
a p p r o x i m a t e l y 1, 1.4, and 2. T h e s e f igu res a r e not exac t ly o p t i m u m for 
the o p e r a t i o n , but it h a s been dec ided to t r y the o p e r a t i o n of the j e t pump. 
A p r e l i m i n a r y n o n o p t i m i z e d o p e r a t i o n of the loop h a s shown s u p e r i o r p e r ­
f o r m a n c e wi th th i s combina t ion . The f lowra te i n c r e a s e was m e a s u r e d at 
25% h i g h e r than o p t i m u m for the s ingle nozz le . Howeve r , the s y s t e m feed 
s t e a m p r e s s u r e w a s found to be l o w e r than d e s i r e d so tha t modi f i ca t ion of 
the in l e t l i n e s h a s been s t a r t e d to a l low h i g h e r p r e s s u r e ope ra t ion . 
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Dur ing the t h r u s t m e a s u r e m e n t s , c o n s i d e r a b l e e l e c t r i f i c a t i o n w a s 
o b s e r v e d in the a r e a w h e r e the s t u d i e s w e r e being c a r r i e d on. With p r o p e r 
a r r a n g e m e n t of the j e t and c o l l e c t o r e l e c t r o d e s , i t w a s d i s c o v e r e d tha t an 
e l e c t r o h y d r o d y n a m i c (EHD) p o w e r uni t could be o p e r a t e d . M e a s u r e m e n t s 
showed that about 80 J of 25 ,000-V e l e c t r i c i t y could be c o l l e c t e d in 
2.5 min . H o w e v e r , o v e r a l l ef f ic iency of the uni t w a s v e r y s m a l l . The 
p h e n o m e n o n a p p a r e n t l y s e e m s to be c a u s e d by co l l id ing of the j e t s to f o r m 
a shock c o n d e n s a t i o n zone wi th r e s u l t a n t e n t r a p m e n t of the p o s i t i v e 
c h a r g e s in the s t e a m cloud. I n v e s t i g a t i o n s of t h i s a p p r o a c h have b e e n 
d i scon t inued . 

2. MHD Vapor C o n d e n s e r 

The second s t age of an a n a l y t i c a l s tudy of an e l e c t r o m a g n e t i c a l l y 
c o n t r o l l e d m e t a l vapo r c o n d e n s e r ( see P r o g r e s s R e p o r t s for May 1963, 
A N L - 6 7 3 9 , p. 59, and Augus t 1963, A N L - 6 7 8 0 , p . 54) h a s been s t a r t e d . It 
was p r o p o s e d that an e l e c t r o m a g n e t i c f ield be u t i l i z e d to p u m p c o n d e n s e d 
vapor off a c o n d e n s e r s u r f a c e , thus i n c r e a s i n g h e a t t r a n s f e r r a t e s and 
e l imina t ing the n e c e s s i t y of g r a v i t y . The p r e l i m i n a r y a n a l y s i s i n d i c a t e d 
that c o n d e n s a t i o n r a t e s for t yp ica l m e t a l v a p o r s could be i n c r e a s e d by 
f a c t o r s of two to s ix; h o w e v e r , the a n a l y s i s n e g l e c t e d o h m i c h e a t i n g in 
the condensa t e film. 

A s l ight ly m o r e s o p h i s t i c a t e d m o d e l fully i n c o r p o r a t e s ohmic h e a t ­
ing effects . N u m e r i c a l r e s u l t s f r o m th i s m o d e l a r e now being ob ta ined . 



V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1. Metal-Water Reactions 

a. Reaction of 6061 Aluminum Alloy with Steam. Studies of the 
isothermal reaction of 6061 aluminum with steam (see Progress Report 
for March 1964, ANL-6880, p. 72) were continued as a part of a program 
to accumulate data that will allow a more direct comparison between r e ­
sults of laboratory experiments , data obtained in TREAT experiments, 
and resul ts of reactor meltdowns. The 6061 aluminum alloy was the base 
alloy used in the SPERT-ID core. Of major interest in this study is the 
effect of the 6061 aluminum alloying elements (1% magnesium, 0.6% si l i­
con, 0.25% copper, and 0.25% chromium) on the aluminum-steam reaction. 
The levitation method (see P rogres s Report for January 1964, ANL-6840, 
p. 92) is being used in these studies. 

Pre l iminary resul ts indicate that the reaction at 1500°C fol­
lows a cubic rate law. In this respect, the 6061 aluminum-steam reaction 
is s imilar to the reaction of aluminum-17 w/o uranium (SL-1 composition), 
which also follows a cubic rate law at 1500°C. However, the data indicate 
that the rate of the 6061 aluminum-steam reaction may be higher than the 
rate of the reaction of aluminum-17 w/o uranium with steam. 

b. Reaction of Stainless Steel with Steam. Studies of the isother­
mal reaction of 304 stainless steel with steam have indicated that the ini­
tial rate of reaction depends upon the time required to heat the stainless 
steel sample to the test temperature in the presence of steam (see Prog­
ress Report for September 1963, ANL-6784, p. 65). The method used in 
these studies depended upon the measurement of the hydrogen evolved 
during the course of the reaction. When stainless steel was heated to 
1300°C in the presence of steam, considerably higher rates of hydrogen 
evolution were obtained during the first 15 min of the reaction when the 
heatup time was 3 min, than the rates obtained in experiments in which 
the heatup time was 4 to 5 min. After 15 to 40 min, the rates of hydrogen 
evolution were the same in all tes ts . 

Metallographic examination of four stainless steel samples 
used in these studies has been completed. The heat treatments to which 
the four samples were subjected were as follows; Samples 1 and 2 were 
heated to 1 300°C in 5 min; Sample 1 was then cooled rapidly to room tem­
pera ture , whereas Sample 2 was held at 1300°C for 30 min. Samples 3 and 
4 were heated to 1300°C in 3 min; Sample 3 was then quenched to room tem­
pera ture , whereas Sample 4 was maintained at 1300°C for 30 min. 
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A p r o t e c t i v e coa t ing was f o r m e d on e a c h s a m p l e . The coa t ing 
was m a i n l y m e t a l l i c and p o s s e s s e d an enhanced c o n c e n t r a t i o n of n i c k e l 
and c h r o m i u m . P r e l i m i n a r y m e a s u r e m e n t s i n d i c a t e d tha t the c o m p o s i t i o n 
of the s u r f a c e coa t ing was 33 a / o Ni, 25 a / o Cr , < 1 a / o Mn, 40 a / o F e , and 
only 2 a / o oxygen (obta ined by d i f f e r e n c e ) . The n o m i n a l c o m p o s i t i o n of the 
o r i g i n a l 304 s t a i n l e s s s t e e l was 11 a / o Ni, 19 a / o C r , < 1 a / o Mn, and 
70 a / o F e . 

The ex ten t of f o r m a t i o n and cond i t ion of the coa t ing depended 
on the hea t t r e a t m e n t to which the s a m p l e s w e r e s u b j e c t e d . The s u r f a c e s of 
S a m p l e s 1 and 2 w e r e n e a r l y c o m p l e t e l y c o v e r e d by the coa t i ng . H o w e v e r , 
the coa t ing of S a m p l e 2, which was h e a t e d a t 1300''C for 30 m i n a f t e r the 
5 -min h e a t - u p pe r iod , was t h i c k e r than that of S a m p l e 1, and showed s o m e 
ev idence of c r a c k i n g . S a m p l e 4, which was h e a t e d to t e m p e r a t u r e in 3 min 
and m a i n t a i n e d at 1 300°C for 30 min , had a coa t ing tha t was s i m i l a r to that 
of Sample 4, but was d e e p e r in s o m e a r e a s . S a m p l e 3, which was hea t ed 
to t e m p e r a t u r e in 3 min and then quenched , was only c o a t e d in i s o l a t e d 
a r e a s . It is be l i eved that the h i g h e r r e a c t i o n r a t e s o b s e r v e d in i t i a l ly in 
the s a m p l e s tha t w e r e m o r e r ap id ly hea t ed to the t e s t t e m p e r a t u r e a r e due 
to i n c o m p l e t e f o r m a t i o n of the coa t ing , s i nce the coa t ing v^ould be e x p e c t e d 
to be m o r e r e s i s t a n t to r e a c t i o n with s t e a m o\ving to i t s h i g h e r n i c k e l and 
c h r o m i u m conten t , 

c. T h e r m a l D e c o m p o s i t i o n of S t e a m in a F l o w S y s t e m . S tud ies 
a r e being m a d e of the t h e r m a l d e c o m p o s i t i o n of s t e a m r e s u l t i n g f r o m the 
flowing of s t e a m ove r hea t ed m e t a l s . T h e s e s t u d i e s a r e of i m p o r t a n c e to 
the u n d e r s t a n d i n g of the n a t u r e of even t s o c c u r r i n g in a r e a c t o r d u r i n g a 
v io lent n u c l e a r e x c u r s i o n . E x p e r i m e n t s have shown tha t c o n s i d e r a b l e 
kna l lgas (2H2 + O2) is p r o d u c e d when s t e a m is p a s s e d o v e r p l a t i n u m at t e m ­
p e r a t u r e s be tween 1275 and 1625°C. With flow r a t e s of s t e a m of 10 and 
34 l i t e r s / ( m i n ) ( c m ^ of c r o s s sec t ion) over 1-cm p l a t i n u m c u b e s , the r a t e s 
of d e c o m p o s i t i o n of s t e a m w e r e about 10"^ and 10~* m o l e / ( m i n ) ( c m ^ of Pt) 
a t 1300 and 1600°C, r e s p e c t i v e l y . In t e s t s p e r f o r m e d with r e a d i l y o x i d i z ­
able m e t a l s , such as m o l y b d e n u m , r h e n i u m , t u n g s t e n , t a n t a l u m , n iob ium, 
and z i r c o n i u m , only hyd rogen was p r o d u c e d . The l e s s r e a d i l y o x i d i z a b l e 
m e t a l , n i cke l , gave 3 to 10% oxygen in h y d r o g e n o v e r the t e m p e r a t u r e 
r a n g e 1300-1425°C. 

The d e c o m p o s i t i o n of s t e a m by h e a t e d p l a t i n u m is to be s tud ied 
fu r the r to d e t e r m i n e w h e t h e r the r e a c t i o n is c a t a l y t i c or t h e r m a l . 

d. Ca l cu l a t i on of P r e s s u r e H i s t o r y of R e a c t o r d u r i n g an E x c u r s i o n . 
A s e r i e s of c a l c u l a t i o n s have been u n d e r t a k e n of the t r a n s i e n t h e a t t r a n s f e r 
and p r e s s u r e bui ldup o c c u r r i n g du r ing a v io len t n u c l e a r e x c u r s i o n . The 
in i t ia l c a l c u l a t i o n s a r e d e s i g n e d to e v a l u a t e the r a t e of bu i ldup of s t e a m 
p r e s s u r e by hea t t r a n s f e r a l o n e . A t t e m p t s a r e be ing m a d e to s i m u l a t e 
m a t h e m a t i c a l l y the o b s e r v a t i o n s r e c o r d e d d u r i n g the f inal d e s t r u c t i v e t e s t 



of the SPERT-ID core. The simplifying assumptions are made that a 
uniform steam film is generated at the core surface and that there is a 
linear tempera ture gradient across the film at all t imes. The latter a s ­
sumption leads to resul ts that a re numerically equivalent to the results 
generated by a more complex treatment, devised by Hamill and Bankoff, 1° 
as long as the steam film p res su re does not approach the crit ical 
p ressure (3200 psi). 

An equation has been developed that describes the acoustic 
constraint that existed for 2 msec (the sonic loading time for the water 
column above the reactor) . This equation was solved simultaneously with 
an equation for the energy balance over the steam film by a stepwise nu­
merical method. Following the initial 2-msec period, the energy balance 
equation was solved simultaneously with an equation for the motion of the 
water column. The resul ts reproduced the initial (35 psi) pulse meas­
ured in the SPERT reasonably well and indicated that the water column 
rose approximately 0.55 mm (maximum steam film thickness, 0.18 mm). 
The water column then descended, reaching a minimum at the time cor­
responding to the experimental beginning of the large destructive pressure 
r i se . At this point the steam film thickness had decreased to 0.12 mm and 
the p ressu re was 2 atm. It is tentatively concluded that the decreasing 
film thickness and the rising pressure led to the disruption of the molten 
regions of the core , causing the rapid generation of steam. Calculation of 
the p ressu re generated by the newly created surface will be made, with an 
allowance included for the compressibili ty of the vapor generated prior to 
the disruption of the core. 

The effect of hydrogen production by metal-water reactions 
will also be considered in future evaluations. 

2. Metal Oxidation-Ignition Studies 

Studies of the ignition temperatures of uranium-30 a/o plutonium 
ternary alloys were continued (see Progress Report for December 1963, 
ANL-6810, p. 50 and Progress Report for February 1964, ANL-6860, p. 94). 
These studies are being carr ied out to find an alloy of suitable composition 
for zero power cri t ical experiments. Ignition studies with uranium-30 a/o 
pIutonium-6 a/o iron alloy indicated that the ignition temperature is de­
pendent upon the procedure used to prepare the sample. A chil l-cast sam­
ple did not ignite in dry air even when heated to 820°C: in moist air , the 
sample ignited at 300°C. Injection-cast samples ignited at temperatures 
between 240 and 300°C. From these and previous results it is concluded 
that the addition of 6 a/o iron offers only a slight increase in the resistance 
of the alloy to ignition. Study of the ignition behavior of a uranium-
18 a/o Plutonium-14 a/o iron alloy indicated that this alloy does not offer 
an advantage over the binary uranium-18 a/o plutonium alloy or over the 
te rnary alloy containing 6 a/o iron. 

l^T. D. Hamill and S. G. Bankoff, Chem. Eng. Sci., _1_8, 355 (1963). 
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T e r n a r y a l l oys of u r a n i u m - 3 0 a / o p l u t o n i u m - 6 a / o m o l y b d e n u m 
w e r e found to be l e s s s e n s i t i v e to the me thod of f a b r i c a t i o n and to the 
p r e s e n c e of m o i s t u r e . Se l f -hea t ing was ev iden t a t 300°C, but ign i t ion did 
not o c c u r unt i l the s a m p l e was hea ted to 600°C. 

B. F a s t R e a c t o r Safety S tud ies 

Two of the m o s t i m p o r t a n t f a c t o r s inf luencing the safety c h a r a c ­
t e r i s t i c s of fast power r e a c t o r s a r e the l a r g e quant i ty of fuel and the s h o r t 
p r o m p t - n e u t r o n l i f e t i m e . T h e r e f o r e , it is p o s s i b l e to p o s t u l a t e a c l a s s of 
"me l tdown" a c c i d e n t s , c o n s i s t i n g of m u l t i s t a g e i n c i d e n t s p r o c e e d i n g as 
fol lows: (1) some o p e r a t i n g a b n o r m a l i t y o c c u r s in which the fuel u n d e r ­
goes f a i l u r e , (2) m a t e r i a l m o v e m e n t s o c c u r , which p r o d u c e a m o r e r e ­
ac t ive conf igura t ion , and (3) a d e s t r u c t i v e b u r s t of n u c l e a r e n e r g y 
t e r m i n a t e s the a c c i d e n t . The m e c h a n i s m s involved in fuel f a i l u r e and the 
m a t e r i a l m o v e m e n t a r e c o m p l e x . They a r e being s tud ied e x p e r i m e n t a l l y 
in a p r o g r a m c e n t e r i n g on t e s t s be ing p e r f o r m e d in the T R E A T r e a c t o r . 

1. U r a n i u m - T h o r i u m F u e l 

Fu l ly e n r i c h e d U-20 w / o Th a l loy fuel i s of po ten t i a l i n t e r e s t in fas t 
r e a c t o r s b e c a u s e of the s u p e r i o r d i m e n s i o n a l s t ab i l i t y u n d e r high t e m ­
p e r a t u r e , long b u r n u p , and s t e a d y - s t a t e i r r a d i a t i o n s , and b e c a u s e the Th -
U^^^ b r e e d i n g cyc le for fas t r e a c t o r s m a y p rov ide a r e a c t o r s y s t e m having 
a s o d i u m void coeff ic ient l e s s pos i t ive than those c a l c u l a t e d for l a r g e 
u r a n i u m - p l u t o n i u m b r e e d e r r e a c t o r s . A p p r o x i m a t e l y 75 c m of E B R - I I s i z e , 
t h o r i u m al loy has been obta ined and will be used at f i r s t for a s u r v e y into 
m o d e s of f a i lu re of s o d i u m bonded, s t e e l - c l a d E B R - I I - t y p e p i n s . D i r e c t 
e x t r a p o l a t i o n of p r e v i o u s r e s u l t s on E B R - I I s a m p l e s does not a p p e a r to be 
jus t i f ied s ince this a l loy m e l t s at about 1500°C. A l iquid p h a s e is i nd i ca t ed 
for t e m p e r a t u r e above 1080°C, so the f a i lu re m e c h a n i s m s may be c o m p l e x . 

2. P h o t o g r a p h i c E x p e r i m e n t s with P r e - i r r a d i a t e d S a m p l e s 

The f i r s t four t r a n s p a r e n t me l tdown c a p s u l e a s s e m b l i e s wi th p r e ­
i r r a d i a t e d fuel s a m p l e s have been d i s a s s e m b l e d by m e a n s of the r e m o t e 
e q u i p m e n t and t echn iques deve loped for the p u r p o s e . P o s t - e x p e r i m e n t 
pho tog raphs have been t aken of the fuel r e s i d u e and t e s t c a p s u l e i n t e r i o r , 
and s a m p l e s have been ca re fu l ly s e l e c t e d for c h e m i c a l , m e t a l l o g r a p h i c , 
and g r a v i m e t r i c a n a l y s i s . 

3. E s t i m a t e s of M a x i m u m T r a n s i e n t P r e s s u r e s 

The a p p r o x i m a t e ana ly t i c and c o m p u t e r m o d e l s d e v e l o p e d e a r l i e r 
( s ee P r o g r e s s R e p o r t for D e c e m b e r 1963, A N L - 6 8 1 0 , p. 53) for d e s c r i p ­
tion of t r a n s i e n t p r e s s u r e s and coolan t expu l s ion in c h a n n e l s con ta in ing 
vapo r i z ing coolan t w e r e used to e s t i m a t e m a x i m u m t r a n s i e n t p r e s s u r e s 
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in coolant channels sufficiently long so that p ressu re is limited only by 
the amount of power entering the coolant. For this condition, pressure 
increases until the rate of increase of the vapor-filled volume is so large 
that the full channel power is required to vaporize the coolant to satisfy 
the perfect gas law, and there is no excess power to ra ise the system 
p res su re . 

Express ions for the time of maximum pressure , t , and the max­
imum p res su re , P , were derived by the approximate model, yielding 

t ^ = Kmo ^2 GbcVA^q,. (l) 

and 

P ^ = K* ihGh^/JJl + P„. (2) 

where mj, is the initial coolant mass to be accelerated, G and b are 
calculated from mater ia l proper t ies , c is the ratio of energy input to 
p ressure r ise for the system, A the channel cross-sect ional area, q, 
the power, and PQ the initial p ressure . The computer problems solved 
previously led to values for K and K* of 1.27 and 0.75, respectively. 
With proportionality constants and the use of Eqs. (1) and (2), results 
from the computer were reproduced with maximum deviations of 17% and 
10%, respectively. Ranges of parameters covered were: 0.866£ A^ £43.1 cm^; 
5.86 X 10"<qj£3.03 x lO'* e rg / sec ; 34.8Smo<15,560 gm; and 1.77Sc.-^176.0. 

By a s imilar analysis, the ratio of kinetic energy at t̂ ^ to total sys­
tem energy input was found to be proportional to the product of G and b. 
For the problems studied, this ratio was less than 5%. Hence, the neglect 
of kinetic energy in the energy balance equation used to derive both models 
should not seriously affect the accuracy. 

4. Large TREAT Loop 

The modified and repaired 4-in. P-K ball valves were shipped to 
the TREAT site in Idaho. Upon arr ival , all of the crates housing the valves 
were found to be damaged to a large extent. Subsequent testing of these 
valves showed that none of the seal bellows leaked at 55 psig helium p res ­
sure , but all of the ball seats were reported as leaking. In addition, 
valve No. 15 leaked when a small head of water was placed above the ball, 
possibly due to the fact that the clearance between the guide pin and the 
ball was less than 0.0002 in. when the valve manual clearly sets this c lear­
ance as 0.0005 to 0.015 in. Fur thermore , valve No. 14 exhibited an ex­
tremely jerky and unacceptable operation. A slight jerkiness is present 
in the remaining four valves. It is suspected that these conditions resulted 
from some structure misalignment during shipment. 
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Pipe expans ion be l lows a r e e x p e c t e d in a p p r o x i m a t e l y 40 d a y s . 
A l s o , the 1- and 2 - in . F u l t o n Sylphon c o n t r o l be l lows and v a l v e s have been 
r e c e i v e d and a r e being checked . 

The cold t r a p componen t s have been f a b r i c a t e d , and the uni t i s now 
a p p r o a c h i n g the a s s e m b l y s t age . 

Ca lcu la t ions have been m a d e p e r t i n e n t to the fo rce r e q u i r e d to s e p ­
a r a t e the h e a d e r and p r e s s u r e c o n t a i n e r a f te r d i s a s s e m b l y and r e m o v a l of 
the t e s t s ec t ion . This f igure is a p p r o x i m a t e l y 300 lb , which m e a n s p r e ­
cau t ions m u s t be t aken to i n s u r e that the Conosea l j o in t s a r e f r ee of sod ium 
dur ing d i s a s s e m b l y . 

Ca lcu la t ions a l so show that the p r e s s u r e d r o p in the cold t r a p will 
be low (without oxide in the t r a p ) . The p r e s s u r e d r o p wi l l r a n g e f r o m 
0.66 ps i to 2.0 psi at sod ium f lowra te s of 20 and 60 gpm, r e s p e c t i v e l y . 
T h e s e f igu res will r i s e to 1.19 and 3.57 ps i with oxide in the t r a p . T h e s e 
f igures ind ica te that b y p a s s flow can be adequa te ly m a i n t a i n e d by o p e r a ­
tion of the m a i n pump . 
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